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I SUMMARY

In the temperature range from 500°F to 2500°F non-equilibrium flow
analysis predicted only a small change in degradation product composition
as the gases flow through the char zone. Essentially all of the reaction
took place in the temperature range from 2000°F to 2500°F, Comparing
non-equilibrium flow with the two limiting cases the energy absorbed in
the char zone for frozen flow was one half of that of non-equilibrium flow,
and equilibrium flow was two aﬁd one half times that of non-equilibrium
flow.

Experimental results were obtained simulating the char zone during
ablation in the temperature range from 900°F to 1650°F using the Char
Zone Thermal Environment Simulation System., The data showed that the flow
was essentially frozen, and this was accurately predicted by the non-equi-
librium flow analysis. The limiting case of equilibrium flow incorrectly
predicted significant changes in degradated product composition in this
temperature range,

Details are given concerning the criteria used for selecting the
chemical reactions that were important in the char zone, the generalized
reaction kinetics analysis, the computer solutions of the equations an&

the experimental system,
'
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II. INTRODUCTION

The primary objective of this reéearch program is to determine accu-
rately the energy absorbed in the char zone of a charring ablator, and
how this is affected by the chemical reactions that take place in the char
zone, Preéently, there are two methods available to describe the 1imitsv
on the heat transfer in the char zone. These are referred to as the frozen
flow and equilibrium flow cases,

The wminimum amount of energy that can be absorbed in the char zone
can be computed by considering the flow to be frozen. This refers to the
situation where the degradation products flowing through the char do not
undergo any chemical reactions (the composition is constant). The amount
of energy absorbed is given by the change in sensible heat of the gases,

The maximum amount of energy that can be absorbed in the char zone
is obtained by considering the chemical species in the flow field to be
in thermodynamic equilibrium. This refers to the situation where the degra-
dation products undergo reaction at an infinitely fast rate, and the amount
of energy absorbed is computed by considering the species to be in thermo-
dynamic equilibrium, This gives the maximum energy absorbed since the
reactions are nearly all endothermic.

The limits on the energy transfer established by these two cases have
been previously reported (1, 2)., It was found that the amount of energy
that could be absorbed was almost an order of magnitude greater for equi-
librium flow than for frozen flow for the same front and back surface tem-
peratures on the char. Due to the high mass flux of gases from the plastic
decomposition the actual amount of energy that is absorbed lies somewhere
between these two limiting cases and is determined by the rates of chemical

reaction among the species present,



In this report the necessary equations are developed to compute the
energy absorbed in the char zone, These equations are solved fér non-
equilibrium flow in the char and for the two limiting cases of frozen and
equilibrium flow. Comparisons are made between the computed results and
experimental data obtained on the Char Zone Thermal Environment Simulator
System which is also described. Details are given for the generalized re-
action kinetics analysis and the criteria used for solution of the reactions
that are important in the char zone. Also included are descriptions, flow

diagrams and print-outs of the computer programs used in the computations.



ITII. ENERGY AND MOMENTUM TRANSFER IN NON-EQUILIBRiUM FLOW

To compute the energy transferred and the pressure distribution in
the char zone, it is necessary to solve the energy equation and momentum
equation with appropriate boundary conditions, For steady flow of degra-
dation products in a char zone of constant thickness, the energy equation

has the following form:

1]

K+1
W-E'v%-%;[ke'%}? Hyx g 0 (1)
i=1
The first term represents the convective heat transfer, the second term
represents conductive heat transfer and the third term represents the
heat absorbed by chemical reactions. The derivation of this equation
and a description of the numerical solution is given in Appendix A.

To describe the pressure distribution a modified form of Darcy's
equation was used which accounts for inertial effects that are important
due to the high mass flux of degradation products. For the steady flow
of an ideal gas in the char with varying mass flux, the following inte-

gral equation was obtained to predict the pressure distribution:
_ ) ‘ _ 9 — 1/2
P = {PL + 2R [e/y J'L (ng, T/M ) dz + B (wg T/M)dz]} (2)
: z z

The first term on the right hand side is the pressure on the high temper-
ature surface of the char, the second and third terms represents the pres-
sure loss due to viscous and inertial effects respectively.

The energy absorbed in the char zone is equal to the difference be-
tween the heat flux at the high temperature surface and the heat flux at

the low temperature surface. As also shown in Appendix A the energy absorbed



for non-equilibrium flow in the char is given by:

K TL _ K+1 TL dN,
9., = € I j W xC dT + I f 551 « M, . H, AT (3)
i=1 T0 &J Py j=1 To J J

The first term on the right hand side represents the heat absorbed due to
the change in enthalpy of the gases and the second term represents the
heat absorbed by chemical reactions,

Equations (1), (2) and (3) were solved numerically using programs
written in FORTRAN IV on an IBM 7040 computer, This is described in de-
tail in Appendix C where flow diagrams‘of the sub-programs are given with
a print-out of the programs., A subsequent section (Generalized Reaction
Kinetics Analysis) discusses the method used to compute the reaction rates
of the simultaneous chemical reactions as they occur in the char zone.

However before the calculations can be performed two additional
pieces of information must be known. These are the specific chemical re-
actions that occur in the char with their associated kinetic constants
and the initial composition of the degradation products when they enter
the char zone. The ten specific chemical reactions that are thought to
occur in the char zone are listed in Table 1, and the method of arriving
at these reactions is discussed in the following section entitled "Criteria
for Reactions Selection." Also discussed in this section are the methods for
establishing the initial compositions which were based on the compositions
predicted by thermodynamic equilibrium calculations and pyrolysis gas
chromotography experiments.

In Figure 1 a comparison is shown of the temperature distribution for
non-equilibrium, equilibrium and frozen flow from the solution of the equa-

tions of change (continuity, momentun and energy) for a surface.temperature



TABLE 1
IMPORTANT CHEMICAL REACTIONS IN THE CHAR ZONE IN THE TEMPERATURE

RANGE FROM 500 TO 2500°F

1. CH, = 1/2 CH, +1/2 H,

2. CH. = CH +H,

3. CH, = CH) +H,

4. CH, = 2C+H,

5. CH, = 1/2CH, + 3/2H,

6. CH = C f 2H,

7. CgHe = 3C,H,

8. C + CO, = 200

9. NH; = 1/2N, + 3/2H,

lo. cH, + 3/20, = CO, + 'Hzo
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Figure 1. Comparison of the Temperature Distributions for

Non-Equilibrium, Equilibrium and Frozen Flow in

the Char Zone with a 2500°F Surface Temperature.. .




of 2500°F. As shown the temperature distribution for non-equilibrium
flow is only slightly less than that for frozen flow. However the tem-
perature distribution for equilibrium flow is significantly different

than that for frozen and non-equilibrium flow. The effect of small changes
in composition due to chemical reactions cause the temperature profile for
non-equilibrium flow to only be siightly different than that for frozen
flow. However, the temperature profile for equilibrium flow is signifi-
cantly different than that for non-equilibrium flow, and this is a result
of the energy absorbed due to the significant changes in composition de-

termined by thermodynamic equilibrium.

Although the temperature profile is essentially the same there is a
significant difference between the heat flux at the high temperature sur-
face for non-equilibrium and frozen flow as seen in Table 2. This is
mainly a result of the decomposition of CH4 by reactions 1, 5 and 6 and
the formation of CO by reaction 8. This is seen in Table 2 by the change
in degradation product composition from 500°F to 2500°F. The energy ab-
sorbed considering the‘flow in thermodynamic equilibrium is much larger
than that for non-equilibrium flow, and the reason is the large changes
in composition as shown in Table 2. Thus if some means could be devised
to increase the rate of reactions, there is the potential for a sizeable

increase in amount of energy that could be absorbed. This would mean a

reduction in heat shield weight.

Given in Table 2 are the pressure drop through the char calculated
using equation (2) for non-equilibrium, equilibrium and frozen flow.
As would be expected the pressure drop predicted by assuming the flow
to be in equilibrium is less than that for either frozen or non-equilibrium

flow since the viscosity .is an increasing function of temperature. As would



Table 2 - Comparison of the High Temperature Surface Heat Flux, Composition

of Degradation Products and Pressure Drop for Frozen, Equilibrium,

and Non-Equilibrium Flow

2
Mass Flux - 0.05 1b per ft - sec

Char Characteristics: Porosity - 0.8 -9 2
Permeability - 1 x 10 ft

DEGRADATION PRODUCT COMPOSITION (Mole Percent)

Leaving the Front Surface at 2500° F

Entering the Char Non-Equilibrium Equilibrium
Component At 500° F . Flow ) Flow
CH4 55.47 54.50 0.10
H,0 32.48 33.20 0.01
N2 8.06 8.00 4.21
002 1.52 0.02 Trace
H2 1.45 1.44 77.03
NH3 0.02 0.01 Trace
co Trace 1,71 18.65
Heat Flux at Surface Pressure_Drop
Model (BTU/ft2-sec) (1b/ftD)
Frozen Flow 52,22 12.97
Non-Equilibrium Flow 107.64 ‘ - 12,45

Equilibrium 271,25 9.75




be expected the pressure drop for non-equilibrium and frozen flow is es-

sentially the same.

In Figure 2 similar results to that of Figure 1 and Table 2 are shown
except for a front surface temperature of 2000°F. As would be expected the
temperature -profiles are similar to that of Figure 1. However, on com-
paring the surface heat flux it is seen that there is only a slight dif-
ference between that for frozen and non-equilibrium flow. Consequently
the major energy absorption occurs in the temperature range from 2000°F to
2500°F. This would be expected since the rate of reaction increases ex-
ponentially with temperature. Thus it would also be expected that for
cases with higher char temperatures the heat absorbed by chemical reactions
would be much more significant. Currently work is underway to extend these

analyses to higher surface temperatures.

Iv. EXPERIMENTAL SIMULATION OF THE CHAR ZONE DURING ABLATION

A. Char Zone Thermal Environment Simulator

Experiments are being conducted to establish the accuracy of the non-
equilibrium flow model with an experimental system that simulates the char
zone during ablation. A schematic diagram of the Char Zone Thermal En-

vironment Simulator is shown in Figure 3.

In this simulator actual chars formed in the large arc jets at the
Langley Research Center are mounted in a char holder as shown. The holder
is constructed of concentric tubes so gases of compositions that are
typical of the degredation products can flow through the char as they would
have on leaving the decomposition zone. Chars are removed from 3" diameter
arc jet samples, and saureisen cement is poured around the sides of the

char inside a mold. This mounts the char with front and back surface
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exposed in a uniform inert ceramic casing which is mounted in the char

holder.

To have a temperature profile comparable to that on re-entry a bank
of 15 G. E. 1000 T3 quartz lamps are used to heat the char surface. The
bank is located about 1-1/2' from the char surface, is surrounded by a re-

flector, and has a total output of about 15 KW.

A total radiation pyrometer (Leeds and Northrup, Narrow Angle Rayotube)
is focused on the front surface of the char through the bank of lamps to
give an accurate measure of the front surface temperature. This is re-
corded on a strip chart recorder. This accuracy (+ 20°F at 2000°F) was
established by comparing the temperature measured by the tota} radiation
pyrometer with that of a calibrated optical pyrometer. Also it was estab-
lished that the pyrometer was not being affected by sighting through the
quartz lamps. This was accomplished by operating the lamps without the
char holder in place, and with the lamp on the pyrometer did not register
an increase in temperature. The usual corrections to the measured tempera-
ture due to the reflected radiation from the lamps were made. This correc-

tion was less than 25°F at a char surface temperature of 1650°F.

The back surface temperature was measured with a shielded iron-
constantan thermocouple and recorded on a strip chart recorder. The thermo-
couple made firm contact with the char surface to insure an accurate sur-
face temperature measurement, The thermocouple responded very rapidly
when the bank of heating lamps was turned on indicating that good contact

was being made between the char surface and the thermocouple tip.

A blend of gases simulating the composition of the degradation prod-
ucts was made in a high pressure cylinder. The composition of feed blend

- number one is reported in Table 3. The.gas is passed through a regulator



and is metered by a calibrated rotameter to the char holder. Having passed
through the char the gases flow through a sample manifold where periodic
samples are taken for gas chromatographic analysis and then through a wet
test meter where volume (flow rate)jis measured.

The composition of the feed and products are analyzed on a Packard
Instrument Corporation gas chromatograph with a thermal conductivity detec-
tor. Hydrocarbons and 002 are determined on a 12 ft. column filled with Pora-
pak S packing with helium as a carrier gas. Nitrogen, oxygen and carbon monoxide
are determined on a 6 ft. column packed with 5A molecular sieve with helium as
a carrier gas. Hydrogen is determined on this column using argon as a carrier
gas.

The pressure drop across the char is measured with a U-tube manometer
using water as the manometer fluid. The taps of the manometer are located on
the entrance and exit gas lines. The actual pressure drop across the char is
determingd by subtracting from the total pressure drop, the pressure drop measured
without the char in place. The pressure drop without the char in place for the
range of flow rates employed in tﬁe'test was less than 0.5 inch of water.

The operating procedure consisted of a start-up phase, a steady state
phase, and a shut-down phase. 1In the start-up phase cooling water and air flow
rates are adjusted, recorders are started, helium flow through the char ié set
and then power is applied to the bank of lamps. The temperature of the system
rises to a steady-state value, and now in the steady-state phase at these Eondi-
tions a set of data are collected which represents frozen flow in the char. Then
the flow is switched to a feed of a composition typical of the degradation pro-
ducts. When temperature transients have damped (about 3-5 minutes), product

samples are taken at 5 minute intervals for a run time of more than 20

minutes. Operating conditions are then changed to obtain another set of



data or the system is shut down.

To shut-down the operation of the system, the flow through the char
is changed to helium and then the power to the lamps is turned off. The

system is allowed to cool to near room temperature and all of the flows

are turned off,.

B, Experimental Results

In Table 3 a comparison is given between typical experimental results
(0.005 1b per ftz—sec mass flux, 1650°F front surface temperature, 900°F
back surface temperature) and the models for non-equilibrium and equi-
librium flow. The inlet composition is the concentration of the stream
entering the char at 900°F and the outlet composition is the concentration
leaving the front surface of the char at 1650°F. The experimentally mea-
sured values are shown in Table 3 along with the values that are computed
by the model of non-equilibrium flow and equilibrium flow. As shown the
amount of chemical reactions that actually took place was only slight and
this is accurately predicted by non-equilibrium flow. The computed values
of the composition agree within experimental error with the experimental
values. For this temperature range the flow is essentially frozen (no

chemical reaction).

For comparison the exit composition computed for equilibrium flow is
also given in Table 3. If the gases were actually in thermodynamic equi-
librium flowing through the char, there would have been a significant heat
absorption due to reaction. In fact nearly all of the methane is decom-
posed and essentially all of the carbon dioxide is couverted. Thus this
would be an extremely poor characterization of the flow to consider it to
be in thermodynamic equilibrium in this temperature range and unrealisti-

cally high surface heat flux values would be computed as shown in Figure 4.



Table 3. Comparison Between a Typical Set of Experimental Results

(Experimental Test 9) and Non Equilibrium Flow Computations

Operating Conditions: Mass Flux - 0.005 lb/ft2 sec

Surface Temperatures: Front - 1650°F

4 Back - 900°F
Char - Specimen No. 52%, Thickness - 0.25 inch.

Degradation Product Compositions (mole per cent)

OQutlet Composition

“Inlet Experimentally Computed Computed
Component Composition Measured Non-Equil. Flow Equil. Flow

CH4 44,61 44 .68 : 43.40 1.52
H2 35.81 35.79 35.01 81.91
N2 11.13 11.12 12.68 7.59
002 4.75 4.70 5.21 0.02
Cco -3.71 3.80 3.70 .65
HZO 0 0 0 0.31
Total 100.00 100.00 100.00 100.00

Pressure Gradient Across Char

Experimentally Measured - 2.1 psf

Computed by Non-Equilibrium Flow - 2.3 psf

*Low density phenolic-nylon tested in Langley Research Center arc jet using
a 4 in. dia. nozzle with a 3% 0, - 97% stream having a 2000 Btu/# stream

enthalpy at a heating rate of 160 Btu/ft2 sec. and at a test time of 100 sec.
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The pressure drop computed by equation (2) is compared with the ex-
perimentally measured pressure drop in Table 3. As can be seen there is

excellent agreement between the experimental and computed values.

As a means for further comparison the temperature profile for each
of the three flow models is presented in Figure 4. The non-equilibrium
flow temperature profile lies very near the profile for frozen flow while
the equilibrium flow deviates significantly as would be expected. The
energy absorbed due to chemical reactions is shown by the increase of
0.85 Btu/ftz-sec in the surface heat flux over that of frozen flow. How-
ever, the heat flux predicted for equilibrium flow is over 6 times that
for non-equilibrium flow. This high and notrealistic surface heat flux

is due to the large change in composition.

In conclusion it can be stated that in the temperature range of the
experiments only a small change in composition occurs due to chemical re-
actions as the gas flows through the char. This is due to the short resi-
dence time of the gas in the char as a result of the high mass flux through
the char. The flow is essentially frozen, If the chemical species are
assumed to be in thermodynamic equilibrium flowing through the char, there
would be over a six fold error in computing the surface heat flux, i.e.

the energy absorbed in the char zome.

V. GENERALIZED REACTION KINETICS ANALYSIS

The purpose of this section is to present the equations that permit
the calculation of the reaction rates for an arbitrary number of simul-
taneous chemical reactions involving an arbitrary number of chemical

-species, This will be illustrated with the reactions given in Table 1

" A chemical reaction can be written in genecral as:
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For this i th chemical reaction, the tij and pij represent the stochio-
metric coefficients of the reactants and products respectively for species
Aj' The fofward and reverse reaction rate constants are kfi and kri' There
are a total of K chemical species.

For the rate of reaction of the jth species, Rj’ this is given by
the following equation for n chemical reactions:

n K
R, = & (pij - rij)[_kfi E c - k.

P..
c, 1{}‘ (5)
i=1 j ]

nh=aw

where cj is the concentration of component j in appropriate units.

This equation has the powers on the composition terms the same as the
stochiometric coefficients. However, it is not necessary to do this.
If this is not the case for some of the reactions being use, it is only
necessary to include two additibnal matrices besides rij and pij in the

computer implementation.

To illustrate the use of equations (4) and (5) the matrix form of the
reactions listed in Table 1 are shown in Table 4. This is equation (&)

for 10 reactions and 13 chemical species.

To illustrate the use of equation (5), the rate of reaction of methane

(component 2) is given by the following:
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The above equation contains six other terms in the expanded form, but these
are not included since the coefficients were zero. Of course this equation
is not exactly correct since the powers on the compositions are different
in some cases for the actual rate expressionms.. For example, the carbon-
carbon dioxiae reaction involves the surface area of carbon, and not a
"concentration'" of carbon. To take the surface area of the char into ac-
count the reaction rate constant can be modified, and the exponent on the

carbon 'toncentration” can be set equal to zero.

Equation (5) has been incorporated into the main program which gen-
erates the solution to the energy equation using a fourth order Runge-
Rutta Method (1). With this it is possible to predict the energy absorbed
in the char zone for non-equilibrium flow. Some of these results have
been presented in a preceding section along with a comparison of experi-
mental results obtained by flowing typical compositions of degradation
products through actual chars. Additional experimental results will be

presented in a subsequent report.

VI. CRITERIA FOR REACTION SELECTION

In a previous report (3) the literature was surveyed for the kinetics
of chemical reactions that could possibly occur in the char zone during

ablation. At that time a number of reactions and species were located,
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and since then_additional information has become avaiiable. These results
have been up-dated and will be presented in a forthcoming report. However,
it can be shown that not all of these possible reactions are important in
the temperature range of interest. To determine the chemical reactions that
would occur with a significant conversion in the char, two procedures were
used. One procedure consists of computing the conversion for one reaction
of an equal molal mixture of reactants flowing isothermally through the
char. The other procedure consist of estimating the species and the compo-
sition that enter the char zone from thermal-gravimetric analysis and pyro-
lysis gas chromatographic analysis. These two procedures combined determine
the important reactions that occur in the char, and these are discussed in

the next sections.

A Isothermal Flow Analysis

There is a sizeable number of possible chemical reactions that can
occur in the char zone as was previously discussed. To attempt to include
all of these reactions in the solution of the energy equation'to predict the
energy absorbed in the char zone for non-equilibrium flow would be very diffi-
cult. Consequently it was necessary to devise a screening procedure to eli-
minate from consideration the reactions that are not important in the tempera-
ture range of current interest (500°F - 2500 °F). The following reasoning was
applied.

The rate of reaction increases with temperature. For a particular reac-
tion, if a significant conversion of reactants to products was obtained with
the char at a uniform and high temperature, then it could be assumed that there
may be a significant conversion when the char is subjected to a temperature
gradient (low temperature at 500°F to a high temperature at 2500°F). Thus these

reactions should be considered in any analysis of the char zone.
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Conversely if there is essentially no conversion at a high temperature
(2500°F) for the char at this uniform temperature, there will be no con-
version with an increasing temperature gradient in the char. .Thus these
reactions can be eliminated from consideration. Correspondingly if there
is complete conversion within the char at a low temperature, there will be
complete conversion for the case of a temperature gradient. Thus this re-
action can be eliminated from consideration and only the products are con-

sidered to be present.

To determine the important chemical reactions in the temperature range
from 500°F to 2500°F, the conversion of an equal molal mixture of the re-
actants flowing in the char was determined at mass flux rates of 0.01 and
0.05 1b per ftz-sec for nearly all of the reactions reported in reference
(3) and some additional reactions. These results are tabulated in Appendix
B for temperatures from 500°F to 3000°F in 500°F intervals for a mass flux
of 0.01 1b per ftz-sec. The lower mass flux rate gave a longer residence
time of the species in the char, and consequently a higher conversion.
However, in comparing the conversions in general there was only a relatively
small decrease in conversion due to the five-fold increase in the mass flux
rate. Consequently only the conversions are reported at a mass flux of

0.01 1b per ftz—sec in Tables Bl through B4.

In Figure 5 the conversion for two reactions are given as a function
of temperature. These are the thermal decomposition of pure ethylene and
pure acetylene. It can be concluded by examining this figure that there
would be no counversion of etiaylene in the char for temperatures less than
1000°F and no conversion of acetylene for temperatures less than 2000°F.
"However the thermal cracking of ethylene would be important for temperatures

above 1000°F and for acetylene above 2000°F.
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To make the discussion quantative, the counversion of a reactant is
defined as the ratio of the amount consumed by reaction to the amount
present initially. To determine the conversion of a chemical reaction

of the form:

aA + bPB 4+ cC = uN + o0 + pP (8)

a material balance is made on component j flowing through a volume sec-
tion of the char of area A and width Az as shown in Figure 6. If Nj is
the molal flux of componentj at z, the material balance on component j for

steady flow in the z direction is:

accumulation of component j = input of component j - output of component j

0 = NM.A , T r M AAz - NMA ¢))
3] 3] z + Az
where tj is the rate of formation of species j by chemical reaction. Ré-
arranging the above and taking the limit as Az approaches zero gives:
dN,

| - ¢
| = r,
dz ¢

ot
o
~s

The fractional conversion Xj of component j is defined as:

>
I

iT W NN (1)

where Njo is the molal flux of component j entering the char zone. Dif-

ferentiating the above with respect to z gives:

X . dN
N, - —d = . (12)

jo dz dz



NN NN

% -
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The continuity equation in terms of the volumetric flow rate Q of gas

entering the char is:

Q = (W /x; ) MA/p (13)

Equation (10) using equations (12) and (13) becomes:

px, dx, A
e 3 ¢ . 4 (14)
M, h]

This can be integrated from the front surface of the char where X, and z

are zero to the back surface at z = 1, where Xj = ij and the re-
sult is:
X, X, dXx.
PXio J-JL —i _ A-L _ VvV _ S (15)
-ﬁo o B Q Q t

where St is the average residence time or space time, i.e., the average

time a molecule stays in the char.

The reaction rate rj for component A of equation (8) has the form:

_ \ n o p ~
r, = kg €,C0C% + kchcchy (16)

and this is needed to integrate equation (15). A trial and error solu-

tion of the above integral equation is necessary to determine the final

conversion X,

L since the average residence time, St’ is known for a given

char depth and decomposition products mass flux.

A computer program was written which obtains the solution for equation
(15) using equation (16). The final conversion is varied in the solution

technique until the calculated value of St corresponds to the known St to
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with 0.1%. A Simpson's rule integration is employed to evaluate the inte-
gral of equation (15). A flow diagram of the program is given in Figure Bl
of Appendix B along with a print-out of the program and a set of typical

calculations.

The results of the computations using this program are given in Tables
B-1 through B-4. This includes tﬁe conversion for each reaction as a func-
tion of temperature from 500°F to 3000°F in steps of 500°F. As is seen
there are a number of reactions which have a significant conversion in this
temperature range. All of these reactions could occur in the char zone if
the reéctants are among the species formed by the phenolic resin-nylon de-
composition, or if the reactants are products from other reactions of the
degradation species. A further reduction in the number of reactions can be

obtained and is discussed below.

B. Estimation of Species Entering the Char Zone

The number of chemical reactions that should be considered for non-
equilibrium flow can be reduced further if the composition of the plastic
degradation products entering the char from the decomposition zone is known.
There are two sources to estimate this initial compousition - from thermo-
dynamic equilibrium calculations and from thermal- gravimetric and pyrolysis
gas chromatographic analyses. A comparison of the initial compositions
from these two methods are shown in Table 5. It can be seen that there 1is

agreement in the order of magnitude of each species present.

The results given for the composition of the degradation products
from a 50% (wt) phenolic resin - 50% (wt) nylon mixture was computed by
the free energy minimization technique described by del Valle, et.al., (4).
Other species were also considered to be present and appdared in concen-

. -20 .
trations of less than 10 mole per cent. These were atomic and molecular



Table 5.

Component

co

002

CH4

C,H,

C2H4

CeHg

C;Hg
CgH OH

(CH C_H OH

3)2 6 3
Others
Total

*

Composition of Degradation Products from Phenolic Resin, Nylon

and a 50% Phenolic Resin - 50% Wt.

Equilibrium Composition
Calculated for the Phe-

Nyloa Mixture in mole percent

Thermalgravimetric and Pyrolysis
Gas Chromatographic Analyses

Phenolic Resin

nolic-Nylon Mixture (4) Only (5)
at 500°K at 800°K at 500°C 100-1000°C
1.45 43.25 15.1 50.1
32.47 19.01 34.8 23.4
8.06 6.28 0 0
0.02 0.02 0 0
1071t 107> 0 0
1073 1.85 4g5>' 5.5
1.52 3.42 0.9 1.6
56.48 26.15 7.8 10.0
1072 10710 0 0
10710 107° 0 0
10720 10713 0.2 0.2
* * 0.8 0.3
* * 28.1 7.1
* - * 7.8 1.8
0 0 0 0
100.0 100.0 100.0 100.0

Nylon - 6
Only (6) #

at 400°C
0

35.4

0.4

5.8

2.6
100.0

not considered due to the lack of the necessary free energy data for computations,

# 1liquid products that were obtained during the pyrolysis were not ldentlfled, con-
stituted 95% of the total pyrolysis products.



oxygen and atomic hydrogen. The ratio of moles of solid carbon to total

moles of gases was 1.55 at 500°K and 1.35 at 800°K.

Results given in Table 5 for the degfadation products from phenolic
resin by pyrolysis gas chromatographic analysis were reported by Sykes and
Nelson (5). The composition is given at 500°C (773°K) and the average
from 100°C to 1000°C for comparison. Also for comparison.the composition
of the degradation products from the pyrolysis of nylon by thermal gravi-

metric analysis is given in Table 5 from Madorski (6).

Examining these compositions it is seen that the order of magnitude
is the same for the composition of the degradation products obtained from
thermodynamic equilibrium calculations and a linear blend of the data from
the thermal-gravimetric and pyrolysis gas chromatographic analyses. If
these are the compounds that enter the char zone in high concentrations
and examining the reactions reported in Tables Bl through B4, it can be
concluded that the chemical reactions given in Table 1 are the ten impor-

tant ones in the temperature range from 500°F to 2500°F,

These reactions were included in the non-equilibrium flow analysis
to determine the cnergy transfered in the char zone. The analysis is
currently being extended to cover a higher temperature range where a num-

ber of other reactions are important.
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Nomenclature

cross sectional area of the char zone
concentration

enthalpy per unit mass of component j

number of species

forward reaction rate constant
reverse reaction rate constant

width of char zomne
average molecular weight of degredation products

molecular weight of component j
molal flux of component j

number of chemical reactions

stochiometric coefficients of the products

volumetric flow rate
heat flux
universal gas constant

reaction rate of component j in moles per unit time per unit
volume

stochiometric coefficients of the reactants
average residence time

volume of the char

mass flux of gas in the char pores
conversion of component j
mole fraction of component j

coordinate axis

permeability



Subscripts

cz

[

forward difference operator

porosity
density

viscosity

refers to
refers to
refers to
refers to

refers to

char zone

chemical reactions
specie

initial value

final value

31



10.

11.

12.

13.

14,

VIIT REFERENCES

April, G. C., E. G. del Valle and R. W. Pike, "Solution of the Frozen
Flow Energy Equation," N,A.S.,A, - R,F.L. - 2, Reacting Fluids Labora-
tory Status Report, Louisiana State University (July 1, 1966).

April, G. C., E. G. del Valle and R. W. Pike, "Transport Phenomena in
the Char Zone I. Evaluation of the Energy Transfer for Frozen and
Equilibrium Flow," Paper No. 13d National Meeting of the A,I.Ch.E.,
Salt Lake City, Utah (May 21-24, 1967).

Pike, R. W., "Evaluation of the Literature for Chemical Reactions and
Reaction Rates for the Decomposition Products from Charring Ablators"
Langley Working Paper - 181, N,A.S.A, (Jan. 21, 1966).

del Valle, E. G., G. C. April and R. W. Pike, "Transport Phenomena in
the Char Zone II. Equilibrium Composition of the Degradation Products
of Ablation," Paper No. 13e, National Meeting of the A,I.Ch.E., Salt
Lake City, Utah (May 21-24, 1967).

Sykes, G. F., and J. B. Nelson, "Thermoanalysis of Ablation Materials:
Preprint 7B, 6lst A,I.Ch.E. National Meeting, Houston (Feb. 19-23,
1967).

Madorski, S. L., Thermal Degradation of Organic Polymers, Interscience
Publ. New York (1964).

Bird, R. B., W. E. Stewart and E. N. Lightfood, Transport Phenomena
P. 562, John Wiley & Sons Inc., New York (1962).

b

Hougen, 0. A., K. M. Watson, and R. A. Ragatz, Chemical Process Prin--
ciples, Part II, John Wiley and Sons, Inc., New York (1962).

McBride, B. J., et.al., "Thermodynamic Properties to 6000°K for 210
Substances Involving the First 18 Elements," NASA SP-3001 (1963).

Wilson, R. G., "Thermophysical Properties of Six Charring Ablators
from 140° to 700°K and Two Chars from 800° to 3000°K," TND-2991, NASA
(October, 1965). :

Carman, P. C., Flow of Gases Through Porous Media, Butterworths Publi-
cations, London, Chapter VIT (1965).

Engelke, W. T. and C. M. Pyron, Jr., "Permeability of Charred Low Den-
sity Phenolic Nylon at Room Temperature'", Sixth Monthly Progress Re-
port 7666-1531-4-VI, Southern Research Imnstitute, (Feb. 15, 1966).

Happel, J. and L. Kramer, "Acetylene and Hydrogen from the Pyrolysis of
Methane,”" 1Ind. Engr. Chem., 59(1), 39 (Jan. 1967)

32

Shah, M. J., "Computer Control of Ethylene Production," Ind. Engr. Chem.,

59 (5), 70 (May, 1967)



IX. APPENDIX A: DEVELOPMENT OF EQUATIONS OF CHANGE FOR FLOW IN THE CHAR ZONE

A. Energy Equation

Referring to Figure 6, the energy equation for one dimensional flow
of gases through a porous medium accompanied by chemical reactions is ob-

tained by simplifying the general energy equation (7),and this gives:

= d
w ec - ¢ L [k 91] - € % Hr, (A1)
g p dz dz g dz =1 1

The energy equation for the solid phase is:

_
0 - -0 |k %] - U-e mr (42)

Adding equations (Al) and (A2) and defining:

ke = ekg + (1 - ¢) kc (A3)

as the effective thermal conductivity of the char, gives the differ-

ential equation that describes the energy transfer in the char zone:

— 4T 4. a1 K
Wg € Cp dz =~ dz Lfe az jzl erj _ (A9
For frozen flow in the char zone the above equation reduces to |
: |
equation (A5): ) |
T T _ 4 [ dr'}
wg Cp € & T @ ke Uz (A3)
‘, Expanding and rearranging results in a second order, ordinary differential

equation which when solved gives the temperature profile in the char.
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d2T - daT -'—WECE ¢ - (.d_k_e <EI. (._._1 \—‘ (A6)
2 dz k_ ar /) \da/ \i_ /]

The energy equation\for the equilibrium flow model requires the evalu-

ation of the summation term in equation (A4). Equation {10) for the reaction

rate, rj, can be written as:

\ - (s

Substituting (A7) into (A4) expanding and rearranging gives the energy equa-

tion for flow with chemical reaction:

&1 oar TS (f&(ﬂ 2) + (L) DU DV,
2 iz LR a )\ & K . aT Uy
VA . e e e J=1

(A8)
In equations (A6) and (A8), the surface temperatures are specified defining
a two point boundary value‘problem. Therefore, an iterative procedure to
find the correct initial slope that satisfies the boundary conditions was

required to define the temperature profile in the char.

B. Momentum Equation

To obtain the pressure distribution within the ehar zone the momentum
equation for flow in a porous media must be solved, Because of the relativély
high gas mass flux values (Wg = 0.06 1b/ft2—sec) inertial as well as vis-
cous effects must be included. The equation with these terms is given be-
low for one dimensional flow in a porous media:

dpP 2
- 4§, = €rul + pou (A9)
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' 2
where e€pu/y represents the viscous term and Ppu~ the inertial term (11).
To obtain an equation applicable across a finite char thickness, the
continuity equation, wg = pu; and the ideal gas law, p = PM/RT are
combined with equation(A%)to give:

-PdP = (p Wgly + B Wg?) dz ' (A10)

=1 13

Integrating this equation from the front surface where the pressure is P

L
to any point P into the char at z gives:
1/2
z=L z=L 2
2 r‘é W Esz r W "Tdz BE
P = 43P + 2R = + B J —5~———‘J
- LY M ‘ M
zZ=z z=z
(A11)

Evaluation of ¥ and B from Experimental Data: In order to solve equation

(A11l) for the pressure profile within the char zone, vy and B, the perme-
ability and inertial coefficient, must be known. Data on Yy and B for char
materials are very scarce. However some data were recently obtained by
Southern Research Institute (12) and these were used in this work. Their

data were analyzed using the integrated form of equation (Al10) given below:

M A(P?) € W
2wgi RTL Y + B( " ) (A12)

: 2 W
A plot of "ELgéle- vs<'—g ) is a straight line with €/y as the y-intercept
L Zng, RTL n

and B, the slope.

A plot of the experimental data from Southern Research Institute (12)

is shown in Figure Al.
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C. Heat Flux at the Char Surfaces

37

The heat fluxes at the char surfaces are the heat transfer by conduction

to and from the surface and are given by:

_ daT
94, = k. G (A13)
z=L
- 4T
% = ke dz (a14)
z=0 .

Frozen Flow: 1Integrating equation (A5) for frozen flow gives:

- . - dT
ez = (qL qo) B ke dz

T
=€ j W C dT (A15)
z=L &P
T

where the difference, Ay

Flow with Chemical Reaction: Integrating equation (A4) for flow with chemi-

cal reactions gives:

T TL
K rL RbD A
= z W (C, ) iT z e MUI.dT {A16)
qcz € .Z.v ) J Wg kbp ) }sJ al -+ .La J dT ujuj L )
i=j J i=1 T
o o

where Uy is the heat absorbed by a reacting gas mixture of K components.

D. Physical Properties

In order to solve equations (1) and (2) the values of the physical
properties as functions of temperature are needed. For the heat capacity
of each component the usual polynomial form 1is employed as shown below

where the values of the coefficients are obtained from Hougen et.al. (8)

qL - qo, is the heat absorbed in the char zone.



and McBride (9).

C = a + bT + eT7 + dI° + eT (A17)

The mean heat capacity of the gas mixture 1is calculated using a molal

weighted average as shown below:
_ K

= Al
¢ i£1 ©py) ¥y (a18)

The overall thermal conductivity as a function of the gas conduc-

tivity, the char conductivity and the porosity is given by equation (A3).

k, = (kg) (© + (ko) (1 -¢)

In this study, experimental data reported for the char conductivity (10)
were taken to be equal to the overall thermal conductivity. The reason is
that the thermal conductivity measurements were made for char materials
containing an inert gas in the pores (10). The equation for tﬁe char con-
ductivity was obtained by a least square fit of the data reported for an

inert gas within the pores of the char (10).

38
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XI. APPENDIX B - TISOTHERMAL FLOW ANALYSIS

In this appendix the results of the computations of the conversion as
a function of temperature are given for a number of chemical reactions.
This is part of the information that was required to select the important
reactions that occurred in the char zone in the temperatﬁre range from
500°F to 2500°F.

In Table B-1 the conversion of a number of hydrocarbon pyrolysis
reactions are given in 500°F intervals from 500°F to 3000°F for a mass
flux of 0.01 1b per ftzsec. Similar results are given in Table B-2 for a
number of oxygen and hydrogen reactions, in Table B-3 for nitrogen and
ammonia reactions, and in Table B-4 for carbon, hydrocarbon and oxygen
reactions. 1In Figure B-1 as flow diagram of the program is given that out-
lines the method of computing the conversion as discussed in the previous
sectioﬁ of this report. Following the flow diagram a print-out of the
computer program is given in Table B-5 along with a print-out of typical
results,

The kinetic constanis ewployed in t
tained from a literature survey (3). In the comment column of Tables B-1,
B-2, B-3, and B-4 the reference is given for the source of the kinetic
data. The information given in these four tables should not be considered
to be complete as additional data is being found almost every day. A
future report will up-date tﬁis information and give a comparison of all

of the kinetic data found in the literature.
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Figure B-l, Flow Diagram of the Computer Program
to Compute the Conversion of a Chemical Reaction

Occurring in the Char Zone Isothermally

Input Data

Chemical Reaction - EQN (I)

Stochiometric Coefficients - Rl, R2, R3, Pl, P2, P3
Rate Equation Exponents - R4, R5, R6, P4, P5, P6
Molecular Weights -~ FWR1, FWR2, FWR3, FWPl, FWP2, FWP3

Initial Composition (mole fraction) - XR1l, XR2, XR3, XPl, XP2, XP3

Rate Constants - k = A T ° exp[-E/RT]
Forward Reaction A = AF, s = SF, E = AEF
AR, s = SR, E = AER

Reverse Reaction A

/4

Print heading and initial composition

Values of the Parameters
Temperature -~ T, 500°F initially, Pressure-P, 1,0 atums,

Mass Flux (lb/ftz-sec.) - W, 0.01 or 0.05 as specified

Calculation of Space Time (cc-sec/gm-mole) - ST

¥
Initial Values of the Iterative Solution
Conversion -~ XCAF = 1.0
Incremental change in conversion - SA = 0.1

Interval for Simpson's Rule integration - HI = XCAF/100




Compute intermediate values of the reaction rate
for values of the conversion from 0 to XCAF

Rt R5 R6 P4 P5 PG
“rr1 = kg Cpy Crp Cr3y - k.Cpy Cpy Cpg
k. = FK k= RF
f Y

L

Integrate numerically to calculate space time - VFTO

XCAF
VFTO = J Xy /(-rRl)

o)
J/
Conversion routine to have lST - VFTOl < 0.1

(See the following page)

Print Results

L |

Increase Temperature by 500°F increments

to 3000°F, calculating the conversion each time

Read data for another equation




48

Conversion Routine

e
-10 | No.
SA > 10 ~— PRINT
—
" Yes

|ST - VFTO| < 0.1 Eesd

. No

N e e e e
T Yes [T | No A
[PRINT };‘——w XCAF < 0.01‘!:?-¥§§*~~VFT@ > ST "'N"Li‘j VFTO < o "?’lXCAF > 0.9999
: Yes _ wlo
Mo v XNo | CAF = XCAF + SA
SA = 1/2 SAJITIXCAF > SA| sA =1/2 88 |
g’i?Yes
z i
£ XCAF = XCAF - SA;ZE
!
lcul <
Repeat calculations ™ 1. Yo -
with mew XCAE e PRINT <————~| XCAF > 0.9999999 =~~~
l ] Yes
Y
| sa=1/2sa |




IBFTC NMAIN_

<
cC NASA PROJECT NC. 135-30-8621 — ==~~~ ————— S
c

|

|

:

__._C ____ CALCLLATICN OF THE CCNVERSION FOR CHEMICAL REACTIONS

TEAT PCSSIBLY OCZUR IN THE DECOMPOSITION ZONE OF
_ CHARRING ABLATCRS. THE RESULTS COMPUTED ARE FOR THE « i

ISCTHFERMAL FLOW IN THE CHAR ZCNE AT TEMPERATURES ST T
FRCY¥ 500.C-0F TO 3000.9-0OF

C

c

C

¢ oF__
C NASA GRANT NGR-15-001-9016

c

C

c

- EVALLATICN OF THE ENERGY TRANSFER IN THE CHAR_ZCNE CURING ABLATION _
PRCJECT NUMBER 1303 53067 |

"CIMENSICN Y(150), EAN{150)
T
¢

REAC THE EQUATION R1+R2+R3=P1+P2+P3
. 1111 REAC729,(EQN{I),I=1,12)
i 729 FCRNMAT(12A6)

c ' e
€ REAC THE STOCHIGVETRIC COEFFICIENTS OF THE RATE EQUATION
~m e .. REACT30,R1,R2,R3,P1,P2,03
C
- €. REAC EXPCNENTS ON THE COMPOSITIONS OF THE RATE EQUATION _ -
‘ REAC 730,R4sR5,R6,P4,P5,P6
- T3C U FOGRMATL6E4.OY .
C
- - €. REAC THE ¥OL WGT OF THE COMPONENTS _ -
REACT31,FWR1,FHR2,FWUR3,FHP1,FWP2,FWP3 - |
e 731 FORMATUEFS.O) .. S S
c A
~-... C_____REAC THE INITIAL COMPOSITION OF THE REACTANTS IN MCLE _FRACTION
- REACS,XR1,XR2,XR3,XP1,XP2, XP3
.. 5 __ FCRMAT(6E1C,O0) _ ) .
C
ce & READ THE COEFFICIENTS OF THE FORWARD REACTION RATE. CONSTANT _
c UNITS OF AF ARE IN CUBIC—CM,GM-MOLES AND SEC
€ UNITS OF AEF ARE IN KCAL_PER GM—MOLE

READT33,AF,SF,AEF
733 FCRNMAT(E8.0,2F6.0)

c
—. .~C ___ REAC THFE CCEFFICIENTS OF THE REVERSE REACTION RATE CONSTANT
C UNITS CF AR ARE IN CUBIC-CM,GM~MOLES AND SEC
- L ~ UNITS CF AER ARE [N KCAL PER G¥- MOLE o _
REAC733,AR,SRyAER - '
c _ :

828 PPINT825, (EQN(T),1=1,12)
. 829 FCRVAT(IKL,12A6) ___ . L
| PRINT 830
.—- 830___FORMAT( 1X,3SHINITIAL COMPOSITION (MOLE FRACTION))

PRINT 833,XR1,XR2,XR3,XPL,XP2,XP3




. ¢ N
C
~ PRINT 831 o , - ‘
831 FORMAT(1HC,105FFINAL COMPOSITION {MOLE FRACTION) ' i
-1 TENF  FRACTICONAL SP.TIME(CC-SEC/MOL) REACTION RATE )
PRINT 8311 -
8311 FORMAT(1F ,105H R1 R2 R3 Pl P2 P3
1 (OF) CONVERSION COMPUTED SPECIFIED (MOL/CC-SEC) ) '
C
C VASS FLUX OF DECOMPOSITION PRODUCTS, W, IN LB/FT2-SEC =~~~ T
i . W=0.C1 o i
c e P e
€ INLTIAL VALUE OF TEMPERATURE,T,IS 50¢-0F
T=50C.,
.C__ _INITIAL VALUE CF THE PRESSURE Py IS 1.0 ATMS
P=1.0 -
.. € GAS CONSTANT,R, IN CALORIES/GMMOLE-OK . S o
R=1.587
I S o , o A e
C CALCULATICN OF THE AVERAGE MOL WGT OF THE GAS,FWA
- C ENTERING THE CFAR ZONE

FWAR=FWR1#XR1+FWI2#XR2+FWR3#XR3 ~ T T
B FWAP=FWP1#XP1+FWP2xXP2+FWP32XP3 i
FHASFWAR+FWAP T T o
C
C CALCULATICN OF THE MOLAL FLOW RATE OF THE GAS,FTO
- Cc FTC FAS UNITS OF GVMOLES PER FT-FT SEC
FTO=(454.C*W)/FWA
C
c CALCULATICN OF MOLAL FLUX OF THE INDIVIDUAL COMPCNENTS
. C __¥OLAL FLUX UNITS ARE GMMOLES PER FT-FT SEC _ : S
FRIC=XR1%FTQ
oo FR2C=XR2#FTO
FR3C=XR3#FTO
- _ FP1C=XPl®FTOQO e
FP20=XP2=FTO
. FP30=XP3xFTQ e o
C
~--.C ... CALCULATICN OF THE SPACE TIME,ST,IN_CUBIC-CM SEC/GMMOLES -
ST={C.25#144.,0)/{FT0=0.06103)
C
o CCNVERSICN OF 10C PERCENT IS ASSUMED INITIALLY o o
_C__ _XCAF IS ThHE CCNVERSION OF COMPONENT A, INITIALLY 1.0
XCAF=1,0
€ nNO CCNVERSIDN_OE.RRDDUCTS INTTIACLLY
XCA=C.0 -
- L __INITIAL INCREMENTAL CHANGE,SA,OF THE CONVERSION XCAF
SA=0.1
— . o o o o )
C CALCULATICN OF SPACE TIME FOR AN ASSUMED CONVERSION,XCAF.
~— C. . REPEAT CALCULATICNS UNTIL CALCULATED SPACE TIME IS EQUAL
o TO THE KNCWN VALUE. THIS DETERMINES THE CORRECT VALUE
.C ____OF THE FINAL CONVERSION e e
C
- c FIRST o o ' , , i o
o DETERNMINE CONCENTRATION OF CCMPONENTS FOR VARIOUS
_C . INTERMECIATE CCNVERSIONS;XCALCONCENTRATION ARE
c IN GM=MCLES/CUBIC-CM
C INCREMENTAL CHANGE IN XCA IS HI o
2222 KISXCAF/100.0
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S XCASCLOT T e -
LTl I=1,101 .
I : - . ———
c F/S ARE MCOLAL FLUXES CORRESPONDING TO CONVERSION XCA
.C_____ VMOLAL _FLUXES HAVF UNITS OF GMMCLES/FT-FT SEC e

C

e FR1=(1.0-XCA)=FR10 -

c .
o THE TOTAL MOLAL FLUX CORRESPONDING TO CONVERSION XCA IS FT
... L __FY HAS UNITS OF fM~MCLES/FT—-FT-SEC e
FT=FTC+(FR10%XCA)#(P1+P2+P3-R]1-R2-R3) /R1
C
C CALCLLATICN OF THE COMPOSITION OF THE REACTING MIXTURE
...© _C/S ARE CCNCENTRATIONS IN_GMMOLES/CUBICfGMHMMW_‘H‘_mm_wm_
RR=82.054
L TCK=(T+460.0)/1.8 ) o o
H=P/ (RR*TCK*FT) T
. CR1=FRls«H ] L . B
CR2zFR2#H
CR3=FR3xF _ ) e e
CPlsfFPlek
i CP2=FpP2+4 o - .
CP3=Fp3sH

FRZ=FR20-(FR10#XCA=R2)/R] " 77 777 s

... FR3=FR30-{FR10%XCA*R3)/R1
FP1=FPIC+{FR10*XCA=*P1)/R1
FP2=FP2C+(FR10#XCA%P2)/R1
FP3=FP3C+(FR10%XCA%#P3)/R]

c CALCLLATICN OF RATE CONSTANTS FOR FORWARD AND REVERSE
..C RATE CONSTANT UNITS ARE IN CUBIC CM, GMMOLES AND SEC
c .
. _C. _FCRWARD REACTICN RATE CONSTANT, FK o .
FK;AF*TGK**(-SF)*EXP((—AEF*ICO0.0)/(R*TOK))
. o ; _— e
c REVERSE REACTIUN RATE CONSTANT, RK
- ,\”“Wh_RK;AR*TOK**LTSR)*EXP((—AER*ICOC.O)/(R*IQK)l“._ _ e
¢ ‘ .
~. C___ _  CALCULATICN OF REACTION RATE,RA,OF_CUHPUNENT”A_MW“,_mhuum““_
C RA HAS UNITS OF GMMOLES/CUBIC-CM SEC

1{CP3z=Pg)
" .
c CALCULATICN OF FUNCTION UNDER INTEGRAL-1/RA=Y(I) |
e ¥ID)=1l.0/RA e
C .
B e e
1 XCASXCA4HI |
-~-C.._ . STEP XCA TO GENERATE 101 VALUES OF v(I) e
C CALCULATICN OF FINAL COMPOSITION {MOLE FRACTION)
___YRL=FRI/FT B ) o o
YR2=FR2/FT
. YR3=FR3/FT e e
YPISFPL/FT
. YP2=FP2/FT e B -
YP3sFP3/FT
C CALCLLATICN OF SPACE TIME FOR THE SPECIFIED CONVERSION,XCAF

S RASPK=(CR1#%R4)=(CR2#2R5) % (CR3**R6)~RK*(CP1#2P4) s (CP224p5) e

REACTIONS
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N INTEGRATICN IS PERFORMED USING SIMPSONS RULE ~~ 777~ 7~
' CSUMYI=0.0
| SUM2=0.0
- CC2 I=2,1C0 S S
| 2 SUM1=2.C=Y(I)+SU¥1 '
| CC3 1=2,100,2 S S
| 3 SUM2=2.,0=Y(1)+SUM2 T T
C INTEGRAL VALUE IS VINT-UNITS ARE CUBIC-CM SEC/GMMOLES OF A -
VINT={HI/2,0)3#{Y{1)+SUM1+SUM2+Y(1Q1)) T T

SPACE TIME CALCULATEC IS VFTO-UNITS ARE CUBIC-CM SEC/GMMCLES
VETO=XR1#VINT

c
C
C

CCMPUTATICN STOPS IF SA IS LESS THAN 1.0E-10 e
IF{SA.GT.1.0E-10)GD 1O 777
¢o ¢ 123 o e

777 CONTINUE
C  CETERMINE IF THE DIFFERENCE BETWEEN THE SPECIFIED AND

C CALCULATED SPACE TIME IS WITHIN 0.1. IF YES INCREASE THE ~ =
C  TEMPERATURE BY 500-0F

CALL SSWTCH{1l,J0B) T e e e
e ~ GC TC (1111,778),J08 o e
778 IF{ABRS(ST-VFTO).LT.0.1) GO TO 123 ' . o
C
C DETERMINE IF VFTD IS GREATER THAN ST S T o
o IFIVFTIC.CGT.ST)IGCTO1234 o e
c
C _VFTO IS LESS ThAN ST e i L
C
C IS VFTO NEGATIVE o
c YES-REDUCE XCAF
_ € NO-CCNTINUE S e
IF{VFTC.LT.0.0) GO TQ 1321
C
c THE CALCULATICN STOPS IF THE CONVERSION IS GREATER THAN $9.99 PERCENT
.. _ IFIXCAF.GT.0.9599)G0 10 321 o ) B
C
- C . THE FREVIOUS VALUE OF VFTO IS RECALCULATED BY INCREASING o
C XCAF BY THE AMOUNT OF SA
C _ TEEN CHANGE SA T2 0.5#SA e
XCAF=XCAF+SA
o SAsQ.528A e
GCTQ 2222
U
C CHECK TC INSURE XCAF IS LESS THAN 1.0
_ 321 IF(XCAF.CT.0.99$9999)G60 TO 112 e
GCYO123
C112 SA=0.5#SA
XCAF = XCAF - SA
. GO YC 2222 o e . e e
C
C ___ VFTO IS GREATER THAN ST ) _ o )
c
C THE CALCULATION STOPS IF THE CONVERSION IS LESS THAN 0.05 PERCENT
1234 IF(XCAF.LE.0.01)G0OTOL123
(@
c
C._ A CHECK TG PREVENT XCAF — SA = 0 o
1321 IF(XCAF.CT.SA) GO TO 4321
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SA = 0.5#SA
C ... . . , _ 4 ) e .
c THE VALUE OF XCAF IS REDUCED BY THE VALUE OF SA
4321 XCAF=XCAF-SA - o o o
C
C. THEN THE CALCULATICN IS REPEATED TO DETERMINE A )
c NEWw SPACE TIME FCR COMPARISON
B e e e
G0 TC 2222
C e
C VFTC IS ESSENTIALLY EQUAL TO ST (WITHIN 0.1)
S T R L 0RO [
c CENVERSICN, XCAF, IS LESS THAN 0.5 PERCENT
I R e
c CCNVERSION, XCAF, IS GREATER THAN $9.99 PERCENT
c PRINT THE RESULTS

PRINT2211,AR,SRyAER

. ..2211 FORMAT{1FQ0,3HAR=,E9.2,5H SR=,F6.2,6H AER=,F6.1) _ e
PRINT2212

. .2212 FORMAT(1HO,29HFW1 FWR2 FWR3 FWP1 FWP2 FfWP3) .~
PRINT2213,FWR1,FWR2,FWR3,FWP1,FWP2,FWP3

. 2213 FORMAT(1kQ,6F6.1Y e
PRINT 2218

__. 2218 FORMAT(1H0,28H STOCHIOMETRIC COEFFICIENTS) e e e
PRINT2214 '

2214 FORMAT(1rC,24H Rl R2 R3 Pl P2 P3) L L

PRINT2215,R1,R24R3,P1,P2,P3

2215 FORMAT(1HO,6F4.1) - o e

123 PRINT 833,YR1,YR2,YR3,YP1,YP2,YP3,T,XCAF,VFT0,ST,RA o
833 FORMAT{1HC,6FB.4yF9.1,F8.4,3E12.5) B o o
C
C ~ READ NEW CATA IF THE CONVERSION IS 100 PERCENT
C CONVERSICN WILL BE 100 PERCENT FOR ALL HIGHER TEMPERATURES
. _IF(XCAF.CT.0.99) GO TO 2208 _ B S
C
C . _THEN REPEAT THE CALCULATIONS AT THE NEW TEMPERATURE )
C
C_ .. INCREASE_THE TEMPERATURE BY S0¢-0F
T=T+500.
c... o ) . . L ) ;
C RESET XCAF AND SA
. SA=0.1__ R e
C _ L N o S
C IF THE TEMPERATURE IS LESS THAN OR EQUAL TO 700C-OF
€. CONTINUE THE CALCULATION o S o
IF{T.LE.7000.0)G0T0 2222
c
C
LG PRINT CAT A e
2208 PRINT 2209,V
2209 FORMAT{1H-,25H MASS FLUX{LB/FT2~SEC) = , F8.4) -

. 2210 FORMAT{1FC,3HAF=,E9.2,5H SF=,F6.2,6H  AEF=,F6.1)

PRINT221G,AF,SF, LEF

PRINT 2219

... 2219 FORMAT(1+0,45H EXPONENTS ON THE COMP. OF THE RATE EQUATICN)

PRINT 2216
2216 FORMAT(1HO,24H R4 RS5 R6 P4 PS5 P6)Y =
PRINT 2217,R443R5,P4,P5,P6
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APPENDIX C

TEMPRE -~ PROGRAM FOR THE SOLUTION OF

THE FROZEN FLOW, EQUILIBRIUM AND NON-EQUILIBRIA

FLOW MODELS

The program for the solution of the frozen flow, equilibrium and non-
equilibrium flow cases is composed of several individually tested programs
written in Fortran IV for the IBM 7040 computer. These are labeled TEMPRE,
PROPT, OMEGA, CHAR, MOLFRA, MATINV AND KINET, represented in Figures Cl-C5 .
The specific function of each will be discussed in detail in the following

section,.

TEMPRE

This program forms the core of the entire system. All common input
information required by the system is channeled through TEMPRE to the specific
subprograms. The main function of TEMPRE is to calculate the .temperature
distribution using a fourth order Runge-Kutta analysis which includes the
convergence sequence used in determining the initial slope needed to pro-
duce a valid profile,

A second portion of TEMPRE is used to calculate the pressure distri-
bution and heat flux within the char zone. Simpson's Rule is used to eval-
uate integralé in the pressure distribution and heat flux equations. Sub-
program OMEGA is used as an interpolation program to first calculate the
viscosity of the gas mixture from the collision integral table and secondly
to interpolate from the temperature distribution (previously generated in

TEMPRE) for values corresponding to a specific char depth,



PROPT

This is the first major subprogram which calculates the physical pro-
perty data for the gases as functions of temperature (heat capacity, thermal
conductivity, change in thermal conductivity with temperature)., Information
is retrieved from PROPT at each temperature interval generated in the Runge-
Kutta analysis in TEMPRE. Subprogram PROPT depends on OMEGA for the value
of the collision integral necessary in calculating the gas physical pro-

perties and CHAR for the value of the char thermal conductivity.

OMEGA

This is the first minor subprogram which_calculates the collision
integral for a pure gas at a specified temperature level, An n—t-h order
Lagrangian interpolation procedure is used to select the value from a table

containing the collision integral as a function of temperature and the pure

gas in question.

CHAR

This minor subprogram fits a curve to available char thermal conduct-~
tivity data for use in calculating an effective conductivity value, Any
curve fitting method which best describes the given data can be used.

The above programs comprise the system for the frozen flow model. Ex-
tension to include the equilibrium flow model is accomplished by the addition
of MOLFRA AND MATINV, while the non-equilibrium flow model requires the

addition of KINET to the frozen flow programs.

MOLFRA

This is the second major subprogram which is used to determine the




equilibrium gas composition (in term of mole fractions), average molecular
weight, net change in the total wolar flux, and reaction rate expression
as functions of temperature., The procedure involves the minimization of
the free energy at various tabulated temperature levels. Transfer of data
from MOLFRA to TEMPRE is accomplished using OMEGA as an interpolation

method.

MATINV

This minor subprogram is used to find the inverse of a non-singular
N x N matrix. The inversion is performed iteratively by reducing the
original matrix to an identity matrix by a sequence of row operations
followed by applying the same operation to the identity matrix to gener-

ate the inverse,

KINET
This is the third major subprogram which estimates the composition (in
terms of mole fractions),averagé mole weight, mass flux and reaction rate as
a function of temperature supplied from TEMPRE, The procedure utilizes the
kinetic data of pertinent chemical reactions that occur in the char zone.
Transfer of data for the temperature profile is accomplished in the argu-
ment of the call statement. After calculation of the correct temperature
profile pertinent data is retreived from KINET using OMEGA, the interpolation

subprogram,



FIGURE C 1 58
TEMPRE-PROGRAM FOR THE CALCULATION OF THE TEMPERATURE-
PRESSURE PROFILES AND THE HEAT FLUX AT
THE SURFACE IN THE CHAR ZONE OF A CHARRING ABLATOR

INPUT DATA

\

GUESS SLOPE

INITIALIZE
PARAMETERS | i

\ (NON-EQUILIBRIUM)

KEY=1 (FROZEN) KEY=2 (EQUILIBRIUM)

[ w KEY=3
CALCULATE CALL MOLFRA: CALL KINET:
AVG. MOLE,WT, GENERATE MOLE GENERATE MOLE
FRACTION, MOLE, FRACTION, MOLE,
WT,., MASS FLUX, WT., REACTION
REACTION RATE RATE AND MASS FLUX
VS. TEMPERATURE VS. TEMPERATURE
USING FREE ENERGY MINIMIZATION USING KINETIC DATA

I

CALL PROPT:
GENERATE PHYSICAL
PROPERTY DATA

VS, TEMPERATURE

RUNGE-KUTTA
ANALYSIS
\
IS T alé = T7°? NO ADJUST GUESS
¢ ™1 OF INITIAL SLOPE >




i

‘TEMPERATURE PROFILE
DEFINED GO TO
PRESSURE PROFILE AND HEAT FLUX CALCULATION

'

INITIALIZE
PARAMETERS

1

INCREMENT CHAR
THICKNESS FOR
GRAPHICAL INTEGRATION

Y

59

CALL OMEGA:

GENERATE TEMPERATURE
VS. CHAR DISTANCE
FROM TEMPERATURE
PROFILE CALCULATION

Y

CALCULATE PURE
COMPONENT VISCOSITIES

]

KEY=1 (FROZEN)

KEY=2,3 (EQUILIBRIUM.-Non-EQUILIBRIUM)

CALCULATE VISCOSITY

OF MIXTURE USING MOLE. FRACTION GENERATE MOLE.

AND MOLE. WT. DATA

CALL OMEGA:

FRACTION AND MOLE.

WI. DATA VS,
TEMPERATURE FROM
TEMPERATURE PROFILE
CALCULATION

¥

I

DO INCREMENTS ADD UP|
TO CHAR THICKNESS ¢ }~»{ ADJUST DISTANCE

NO| By ONE INCREMENT

SIZE

YES

W

GRAPHICALLY INTEGRATE
TO GET PRESSURE PROFILE
AND HEAT FLUX AT SURFACE

GO TO NEW DATA



Figure C 2

-PROPT - SUBPROGRAM FOR CALCULATING

PHYSICAL PROPERTY DATA

ENTER FROM
"TEMPRE"

Y

NO

CALL OMEGA: GENERATE

LENNARD-JONES PARAMETERS

"I TO CALCULATE GAS COMPONENT

CONDUCTIVITIES

i

CALCULATE HEAT CAPACITY

OF GAS COMPONENTS

\

HAVE PHYSICAL PROPERTIES

OF EACH PURE COMPONENT
BEEN CALCULATED?

YES

CALCULATE THE CONDUCTIVITY

AND HEAT CAPACITY OF
THE GAS MIXTURE

\
HAS CHAR BEEN CALLED

PRIOR TO THIS POINT?
{ NO

CALL CHAR: GENERATE
CHAR CONDUCTIVITY DATA;
CALCULATE SLOPE AND
Y-INTERCEPT OF LEAST
SQUARES FIT OF DATA

CALCULATE EFFECTIVE

Y

THERMAL CONDUCTIVITY

!

CALCULATE CHANGE IN
EFFECTIVE CONDUCTIVITY
WITH TEMPERATURE

A

RETURN PHYSICAL
PROPERTY DATA TO
TEMPRE

60
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Figure C 4

MOLFRA - SUBPROGRAM FOR THE CALCULATION OF MOLE FRACTIONS, AVERAGE

MOLECULAR WEIGHT, MASS FLUX, AND HEAT OF REACTION VALUES VS.
TEMPERATURE BY A FREE ENERGY MINIMIZATION METHOD

ENTER FROM
TEMPRE

I .
ARE THERE ANY SOLID YES RESET MATRIX
SPECIES? SIZE

, NO

MATERIAL )
BALANCE

I
CALCULATE THE FREE
ENERGY

i —
PLACE RESULTING EQUATIONSI

‘e

IN MATRIX FORM
| I
CALL MATINV: ?

[CALCULATE VALUES OF=7.'s|
xi(solid) and xi(gas)J

| INVERT MATRIX
INVERT

N 3

CALCULATE THE CHANGE 1IN !

FREE ENERGY WITH LAMBDA ,
<

IS dF/dA REDUCE

POSITIVE? | YES LAMBDA

) ﬁ NO

CALCULATE NEW
VALUES OF y;

,__.,__{... _____ i

NO ARE VAT.UES CLOSE |
TO ANSWER?

YES

Y

PRINT RESULTS AND!
RETURN TO TEMPRE |

MATINV - SUBPROGRAM TO INVERT THE MATRIX FORMED IN MOLFRA

(STANDARD MATRIX INVERSION COMPUTER PROGRAM)



Figure C 5

"KINET"-- SUBROUTINE FOR THE CALCULATION OF THE
RATE OF REACTION, MASS FLUX, AVERAGE MOLECULAR
WEIGHT AND HEAT GENERATED DUE TO CHEMICAL REACTIONS

READ DATA

IN FROM TEMPRE

; -

FIRST TIME IN?

NO

NO

YES

\

STARTING A
NEW TEMPE-

RATURE PRO-
FILE?

63

NO

| YES

INITIALIZE

Y

HAS THE DATA
BEEN READ IN?

YES

L

CALCULATE INITIAL
MASS FLUX AND AVER -
AGE MOLECULAR WEIGHT

Y

CALCULATE THE
CONCENTRATION pe

OF EACH SPECIE

¥

CALCULATE THE REAC-
TION RATE CONSTANTS

v

CALCULATE THE REACTION
RATE OF EACH SPECIE

v

MATERIAL AND ENERGY BALANCE:
-GIVES MASS AND HEAT GAIN OR
LOSS DUE TO CHEMICAL REACTIONS.

!

STORE THESE VALUES IN "TABLE"
TO BE USED LATER BY "TEMPRE".

3

PRINT TABLE

+ .

RETURN TO TEMPRE
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" FORTRAN SOURCE LIST

PRCPT

33 CCCH=CR0
' JELTF=DELTL*1.,8
BCCO={CHCP-COON)/IDELTF=2.0) o )
S D TR PR R L DE L T
G0 10 530 ) - o o S
50 RETURN
. ENC I o B} - .



7C4

271

27¢

272
SHITCH #O3. 1 = 0OFF, SWITCH MNO. 2
CSMITCH NO. Y m

AQ Th 39 e
_IC(’T”—1)276,270,278 ) )
CALL SSHTCHI(2,J1IB) '
B R o - B I R - HE R S

CSAITCH U0, T

71
o - ~ FORTXAN SOURCE LIST TENPRE
SOURCE STATEMENT

- _FORMAT(1HO,25X, 28HNON-EQUILIBRIUM FLOW R
15SULTS)
PRINT 272

FORNAT(1HD,3X,5FDELTT,6X,4HDELP, TX,2HCL) o o
ORI'YJIB DFLTT,DELP,QL o o

FORMAT(LFO, 3F15.4)
OFF -—-- GC TO NEW CASE

0FF, SWITCH NO. 2
Ciy SWITCH NO. 2 (NOT NEEDED) --- JOBS IN SEQUENCE
»yJ03) o o )

1,408

-

CALL SSWTCH(
“'P T:)\Lflf,z
KEY=KEY+]
IF\V“Y“3)274 1422745, 278

) m1wu|m1

LEY=HEY+2
[F(XEY=-2)2770,2775,278

5CTC 3D B
GC 70 19

STCP

cN

NN —-—-— FROZEN TO NON-EQUILIBRIUM



FORTRAN SOURCE LIST
SOURCE STATEMENT N
SIBFTC PRGPT ) o -
C SUPRNUTINE PROPT  (HEAT CAPACITY AND CONDUCTIVITY VvS. TEMPERATURE)
,guua‘UTrv PROPTITVAR, JCHAR yNDATA, XTKE , ZOMGA ,NDIM3 ,CPMX,CC0,0CDO)
CCIMENSICN xuuax(2‘),ALPA(20),aA(2n,6).
_”1 ST04)45204)05304),5404),S504),A1104) ,A2214),A3314) ,A44(4),A55(4)
CIVENSTON ALU27),81(20),C1(22),01(20),61(2C),FI(20),61(20),
1 ALT(23), FIT(27),CII(2C),DI1(22),611(20),F11(20),GII(2C),FW(20),
2 YI(20),FK(20),SIG{20),Y(20)
)[wrmslo‘ rp(27),rV(23) COND{2€) , XTKE(100) , ZOMGA(1CO)
COMMCY O, RS y¥Y, WI,PL,RRyTZERG, DELTK , ICODE,y ALPA,AA3S1,52,S3,
1 o S/‘g )D;Allr!\‘?_ A33)ﬁ/9’f’A55
COVFEN ATgCToCT o DTy ELy FLyGT AT, BTII,CIT 011 sFIT,FI1,GIT 9FW,YT
v"Cﬂ”’C" FK,CIC’LP_S Y
RANKIN=1,E2TVAR
FAREN=RANKIN=460.0
T=TVAR
N ,,,.,_TL T+ r' TK .
550 LCs 167151 ,8C
TKE={1,3/EF(1))=TC
A
_”fﬁtymﬂfFF“(Thc,>TKF ZOMGA, IMAX,NDI¥3,0MGA)
[F(TC-1620.0)505,505,5C6
505 CPUM=ATICII+BTII(I) #TC+CII(I) #TC2#2+DIT (1) #TC##34E11(1)=TCx24
oo TN 507
506 CPlI)=AI(I3+BIL1)=TC+CI{I) #TC*»2+4D1 (1) #TC#23+E1(1)»TCxx4
557 CV{I)={CP(I)-RR)
TOP=2,6603210,52%{=5,0)%(TC/FW(T))=%0.5%(CY(1)+4.47)
BOT={SIG(1)=%2,.6+0MGA)
... . ctouptny=TOP/B0T
16 CONTIMUE
CPMX=0.0
CE“/‘\—J.‘—
S BE537 J=1,MC
SUMCP=CP{J Y=Y {J
CPEXZCPMX+SUMCP
SUMCD=COND(J) #Y(J)
. CDuX=CCMX+SUMCD
527  CONTINUE
G0 TD (538,535) ,JCHAR -
8 CALL CHAR(SLOPE,YINTCP,KODE)
3 SCrAR=SLOPE
YCI-AR=YINTCO
~ CCCHAR=(SCHAR*TLC)+YCHAR
CHARK={CCCHARS 2L, 48)/(252.0*1 )
CGASY=[CDMX%30.48)/(252.0%1,8)
GC TO(5420,5401),K0DE
5497 CLC=CHARK
50 10 5402
5431 CDL=GASK=EDS + CHARK=(1.0-EPS)
5422 [F(ARS(T=TC)—.020G1) 560,560,540
S v 3 CIF(T-TC )14},‘53&‘,7,)‘—):3‘“_
541 CREP=COO
T C=1-DEL K
JCrAR=2

20 TO 560

——



~ FORTRAN SOURCE LIST
SCURCE STATEMENT o -
TRFTC CI*EGA ) , 7
© SUERTUTINE OMEGA (VAR, X, F, IMAX,NAME, SOM)
DTVENSICN X (NAME) ,F(NAME) ,XN{300),FN(3C0) ) ; -
H‘.\l"PTSV::‘; o T e h
277 XUP=1,539 e B . S
O CCELY I=1, IMAX
T=vyAR=X(1) o - -
IF(TYECE 619,605
E":‘a Tz—‘r N - o — 4 e e am e et s et o e e e & e — — —
503 TF(T=XUP)6T0,611,611
SR A e S e e
XUpP=T
511 CCONTINUE _ e o
P e B
NPP=APTS+1 . B . o .
LCslsI=1,NPP T
ENCIY=#CIPY. e
XDy =x( 1Py T
IF(IM)612,612,613 B S o
4 12 MIC’V:‘IQ—I B T N
5C 70 ALS e ) o
512 i1Gg=Ip+1 T T
oo IPCIMAX=-[CY6L4,6154615 o ‘ ,
ola  Ip=[p<1 T
] G0 10 618 e ) o
515 IF(1Q)ELE, 16,617
e IP=1IP+1 .
6C TO 618
v Ie=1e . _ N o . , .
IN==18
518  CONTINWE S S )
3C¥=0,0
FACT=1.0 . e -
COEZO J=1,NPTS '
LOUNESON Y FACT2FN(LY e e o
CC618 1=J,\PTS
I0=1~J+1 e . )
419 EN(IO)=(FN{IN+D)=FN{TQ) )Y ZI(XN{T+1)=XN(IQ))
520 FACT=FACT = {VAR-XN(J)) _ _ - - :
RETURN
ENE ) e - . .



l

- CFORTRAN SOURCE LIST oy
SCURCE STATEMENT

|
RFTC CHAR
© SUBRCUTINE CHAR {CHAR CCUNDUCTIVITY VS. TENMPERATURE-~—~SLOPE AND INTERCEPT)
SUERTUTINE CHAR(SLOPE,YINTCP,KODE)
CLCIVENSION YCONC(L0G),YCOND(L1CG)
MCATA=N0. OF XCOMD VS. YCOND CATA POINTS _ S
CKOLE= 1 (CATA WITH INERTS TN PORES)Y = 2 (DATA WITH EVACUATED PORES) ~
REACTOZ,MUDATA,KODE , e
,”"WchNDerVPEaArURE'(oK)“ - S ) '
| YCCND=ChAR CCHOUCTIVITY TABULATED VS TEMPERATURE (CAL/CM-SEC-0K)
“"““«FAP?ﬁl,cxran(I) YCOND(I) ,I=1,MDATA)
708 FCORM/ ?<22QX_”MQ.“_mm.mMm”muwpw
?Pl FORMAT(F15.{,E1545)
L ,“U”X~~-0 o U S
SU®Y=3.9D
S;vxv 0.0
B T TE T ——
L SUMY2=C.5
CC714 J=1,MDATA o
SUMX = SQVX+XCt]\*’)( J) T e T
SUMY =SUMY+YCIND(J) S N S
CSUMXY=SUMXY+XCONDIJ)#YCCND(J)
SUMX2=SUMX2+XCOND(J)#%2.0 e
SUMY2=SUMY2+YCOND(J)Y=#22,0
16 CONTINUE e
20 SLOPI={SUMXY-{SUMX=SUMYZTN))/(SUMX2-(SUMX222.C/TN))
30 YIHNTCP=(SUMY~(SLOPE=SUMX))/TN -
CRETURN T T R
ENe

- ' i\ -. [: A T A - e —— e e e e e e winn & & meim e vms i e i s s o e o e+ i e i e b+ e ws s 10 41 s+ A1 a ot e am + @ &



1

)
|
|
,‘ ~ FORTRAN SOURCE LIST
|

SR AT BN N T e e e
IBFTC MOLFRA , S

, SURROUTING MCLFRA(KOUNT ,KPT3, TABLE,K6)
| ECUARDD (. DEL VALLE=NASA PROJECT-135-30-8621-LSU PROJECT NO-04-1303-40068

JLRERICAL ECUILIBRIUM TN COMPLEX MIXTURE-MFTHCD OF WHITE-JOHNSON-DANTZIG

RANC METHOU(STEEPEST DESCENT), JOURNAL-CHEMICAL PHYSICS-VCOL-28-N0O5-1958
CDIVENSICN ICODF(20) 3 ALPA(2T) yAA(20,6),
1 S1(4),5204),S3(4),56(4),S5(4),A1114),A22(4),A33(4),A44(4),A55(4)
i CDIFEMSION AI(Z’),bI(7u),u1(2p),DI(40),LI(2“),FI(23),GI(ZJ)y
L rTT20), L TI020),CTI(20),DIT(20) ,ELT(20),FIT(2C),GII(2C),FW(20),
2 YI(20) W FX{20),SIG(2C),Y(23)
L LIPENSTION YAVGI29), XMW (22),YAVGL(20),X12C) ,FY(206),C(20),FORT(20),
31,31 3(31;1Y}Pi(BIT?kPIVOTléﬂr;BB(zo),INDEX(31,2),885(31Y,“
FSLF(?C),YSUN(ZG),YY(ZC)yXY(ZC)yXHASS(ZO),YX(ZO),PERC(ZD),
CELTA(20),APART(20),BPART{20) ,ENT(20),D0TA(25,25),D0TAL1(25425),
CP2T(27),CPDT1(20),TABLE(3D,30)
TDTIFENSION HOU&),RELH{5),FOHOLS)
COMMON NCy NSy MM, WI4PLyRR,TZERO,DELTK, ICODE,ALPA,AA,S1,52,S3,
1 S4,55,A11,A22,A33,A44,A55 S
7ﬁfC*’Fn AT,PI,CLyD1,El,FI,GI,ATL,RII,CII,DIT1,EIT,FII,GIL,FW,Y[
CONMMON EY,SIG,EPS,Y
TFIKE,GT.1)50TC3174
CXT=INITIAL TEMPERAATURE AT WHICH EQUILIBRIUM PROGRAN IS STARTED
THi¥=FINAL TEMPZIRATURE AT WHICH EQUILIBRIUM PROGRAM IS ENDED
TINC=TEMPERATURE TNTHERVAL IN EOQUILIBRIUM PROGRAM CALCULATIONS
CRIT=CRITERICN FIOR CONVERGENCE IN EQUILIBRIUM PROGRAM
READTy AT,y THAX, TINC,CRIT . -
CNFAX=MAY IMUM SIZE OF THE SQUARE MATRIX N
NFFEC="10, AFTER WHICH TRACE COMPCNENTS ARE CHECKED
REAC2yNMAX ZNFREQ
1 FORMAT(4E10.4)
Z FORMAT(216)
4 KE=2
_CALL FPT2Ap(-3)
EU 2 ]-}_,‘\1(‘
Y{I)=YI(1]) - e
X¥alDy=fweny T -
2 COMNTINUE
W fI 7 -
,\h—\C . .
ND R g e e
_Y@ml o . .
NA=MM4+1+NQ-NN
P=PL/2160.L o
Pyt e e
M&PTl-H
AYXNT=10
rrn.-o
”H;gxp
_ T=XT
K0OS= .\r,+/,, oo
_L[-\f\+1
v PA T
N =

i H
i ' .
-&\wl\)»—-



; FORTRAN SOURCE LIST MOLFRA o
__ SCURCC STATEMENT S
L EX=n - ] - )
| XBETA=CRIT S .
EQQ“PhINTQ _
4 FCRFAT(///76Xy 1M1, 19X, 5RFO/RT, 13X, 12HINITIAL Y(I)/7) )
L BGoA33 I=1,NQ R B ,
| TF(ICGDE(TI)LEQ.CIGOTO433 e
 KCCCE=1 ) B
432 CONTINUE - ) i o
45 NTEST=NFRED o
; S e o . _
‘ DELK{2) AND DELK(b6) ARE THE FEATS OF FORMATICON OF ETHANE AND BENZENE
AT OO RESPECTIVELY.
 DELE(6)=2.£90GE4 , -
T DF‘L}—A(”‘ 5—1 65]_754 T e oo e '
FC 1S THE CHENICAL POTENTIAL OF THE ELEMENTS,THAT IS,THE SENSIBLE
FNTH\LDY CHANGE FROM 298,15 DEGREES KELVIN TO JK.,DIVIDED BY RR=T.
HC(1) AND PQ(2) ARE THE SUBSCRIPT FOR CARBON AND HYDROGEN RESPEC-
'TIJriY. b THE SUBSLRIPT FOR LARBO D HY : .
HC(1)==251.2/(RR*T)
_BHT{2)=-2722,8/(RR=T) ~ o ~
CIF(TL.GYL1C00,)60T06205 o
0 41 I’=11NQ
_~°«zr(r\=A1x(1):(1 ~ALOGIT)I)-BLI(I)=*T/2.-CII{1) = (T#22)/6.
59A21(1)=~ (1)Y= (T2#3)/12.~E1T (1) #(T224) /20 +F1I(1)/T-GII(I)
FCRT{I =APA &T([)+FPA?T(I) e
D“I T14, ALPALL),FCRTII),Y(I)
41 CONTINUE ]
4 FORMATILYX S2620.8)
T G 2
22 DBC 62536 I=1,NQ
APART () =AT(T)#* (L -ALOG(T))=BI(I)2T/2.0-CI([)*(T#%2)/6.C .
BOAAT( 1) ==DI(I)#(T#x3)/12.0-EI( 1) #{Txxs)/20,0+F1{1)/T-GI(I)
FORT( D) =APART(I)+BPARTI(I) ,
PRINTL4, ALPALT),FORT(I),Y(I)
afe Q“NVIHJF . N R
32C IF(T.6T.15%5.)160TN9131
FCHC{3) AND FOiC(A) REPRESENTS THE TERM F-H/(R#T),wHICH IS CALCU-
LATED USTHNG THE DATA BY DUFF.{LOS ALAMOS SCIEMTIFIC LABORATORY
RUPART NUMRER 2556, SEPT 18,1961),AND IT IS FCR ETHANE AND BENZENE
RS P T I R LY
~ FCORTU3)=FORT(3)+DFLH(3) /{RR#*T)+AA(3,1) *HOTL1) +(AA(3,2)/2.)#H0(2)
FORTUE)=FORT(H)+DELH(A)/(RR2TY+AA(6, L) ¥HO(1) +(AA(642)/2.)#HO(2)
66 TC 1270
131 rP\T(3) FORT(3)+DELH(3) ZIRR=TI+AA( 3, L)=HD (L) +{AA(3,2)/2.) xH0O(2)
RT{A)=FURT(6)+DELHIG) /IRR=TI+AA{G6, L) *HO (L) +{AA(6,2)/2.)*HO(2)
250 ..1sz LymN

CAR(d)=).0




SCURCE STATEMENT

L0 29 g=1,%H
RUJLKKISLA(T,d)

~ FORTRAN SOURCE LIST MOLFRA

o220 [=1,MQ
BP(J)=430J)+AALT, =Y ])
32¢ CCNTINUE )
35¢ YRAR=C,C
COSCT=1, N e
3T OYEBAREYSAREY (D) S '
CCIOI=1,NN , i
O CUI)=RART(IY+ALOGIPY
FAC=Y{1)/YBAR o
CIF(FACLY Y. E-28)FAC=1.C-38
O _FYLD) =Y LT #(CLI)+ALOGIFAC) ) o i
1¢ CONTIGUE
3 IF(KCORELEC.O)GOTOLLL o o i
UC L]. I"'LL» Q B - .
EY(I)=Y(I)=FORT({I) B -
11 CONTINUE o
1uummJl~MJ e -
Dr3cKk=1,vM
ASUM=D,C
CC201=1,AN o -
WAYSAAT,JY=ANLT,K)* YD) - ) .
2C ASULM=ASUM+nAY
, ‘N(J K)=ASUM S S
3 CONTIMUE T T T
rc7 =1, MA o
'W;C?ﬂd"f}ﬁﬁ’”‘““*' o -
CUV
i [j[j 1 70 [‘.—.Al ;f'i\lh I h -
12C SUN=SUMsLA{LT,J)*FY(EY o )
BSUN=SUMERE (J)
o BUJ,K)=3Suyn o
7¢ CONTINUE i i
CSUF=4.0 -
DCECT=1,NN ) -
AC CSuM=Csu¥+ey (1) S - -
JJd=MM+1
» DLSIJ:IVM o ) o .
91 8(JJd,yJ)=CSum
,br 163 K=1,vpm ) ~
CsUM=3.0
} BC 10U I=1,AN ) o
10 D,L*’vSUV+Aa([ Ky=y (1)
) EP(KY=NSUM o e I
102 CC\FIJUr
. DG50J=1,VM ~ o
9C R{J,JJ)=RBP(J)
CCS4K=1,MM o i - i
G4 R(JI,KY=R(GJ4) "
,"KV M+l S .
et .
Ir(VfUWr.FW.()GDTOIOGO B
LO 29 [=LL,NC
K=Kik+1 ) _



- FORTRAN SCURCE LIST MOLFRA
 SCURCE STATEMENT

! 26 CUNTINUE e B i i
KL=NC=NN+JS
KK=NN4+D L o o
© O 95 K=KK,KL
e e b s aw ,LI {—‘ c l = l b” e 1" ———y % = e+ S — 5 —_ e - Po——— o eeie o et b meite Sueiie aS0e A e B A b AL e AL e s 8 1
ST R{K,yJ)=R(J,K)
L9% CONTINWE e
KhM=pVM+]
iw__, pC 1052 J=1,¥A o o
LT 1553 I=LLsNQ
KM=KNM+] S T
352 B(KF,J)=FORT(I)
252 CONTINUE e
25C CONTINUE
0O 1044 J=JJ,KL L )
NOO1045 K=JJ,KL
1345 RUJ,K)=0,0 e o o
L244 CONTINUE

FORMAT(EL15.8) S
CALL FATINVIR,N,3,M,DETERM, IPIVOT, INDEX,NMAX,ISCALE)
EN100I=1,4d
NG PT{1) =51, M)
U=PI(JJ) o
CXRER=U=YRAD
[-{KCODE.EC.ONGOTN5S
KK=MM$2
Lu=LL )
on 1"“7 = KK KL
Lo L RULWY =R, MY
LOCZ La=Li+)
56 DONECT=1,AN

. N
o~

CEC FSUNMIT)=~-FY({T)+(Y(T)/YBAR) #XBAR
,urll‘x* sIN
PSUV=i,
w_,_r‘mzf:) l.mv e o
120 PSUNM=PSU“+PI(J)I*AA(T,d)
YSUM{T)=PSUM=Y (1) ) _ )

L1C X({I)=FSUY(L)+YSUMIT)
~ XLhvRD=1, o
21C O 86 I=1,NQ
Lo BELTAUDY=X(I)=Y L)
€& CONTINUE
DEBAR=D.
DCEeTI=1,A1
37 DEEBAR=DEIAR4DELTA(IY
32 CFCL=D.
DCEST=1,NG
[F(ICODE(T).EG.1IGNTON83
_ 8¢ Fﬁgf(Y(I)+XLxmluxorLTA(1))/(YBA1+XLANBD»068AP)
& [FIFAC.GT.".)50TN82
L KLANBD=.5=XLAMBD o
TF{XLA¥MBC . GT.1.0E--20)G0T096
82 UFCL=DFOL+DELTA(I)#(C{I)+ALOG(FAC))
GCTC34 - a
82 DFCL=DFDL+DELTA(I)*FORTII)



s

.85

81

B2

44
~15

S UPRINTRD

CFCGR¥AT(/////1X, SHPRESSURE=E13.5,5X,6HTEMP
FCRMAT(//€Y, 1hT 21X, 4HY (1) 514X, THPERCENT)

SCURGE STATEMENT

CONTINUE
IFICFDL L LT
XLAMZD=,9=XLAMAD

COTEI=1,NQ

YD) =EYCTT+XLAMBD*DELTATI)
CONTINWE

SUrY=0C,
D275 1=1,NN

C SUMY=SUMY+YLTY ~ 7 7

DC34CI=1,ND

' PFrC(I)-(YTTS/SUM?3¥T662"“'

3ET4H=T.

CO8SI=1,NQ

BETA=8CTA+ABS(CELTA(L))
CIFIRETAVLTWXBETA)GOTORCO

[F (KX 5T CIG0T0560

CIFINTUSELMAXNTIGOTO6G0

=NT+1

'IF(kx;hT]éiéﬁfCBOO

cTnlo
K ETA= (PtT‘+ 6Ca0el
MAXN T=MAXNT+120
NT=NT+1 o
GCTC3CH

ANENG T
KX=KX+1

[F(KX,LT.2Y50T0306

P“[‘le,NT

Prﬂ[\TZ 1, XEETA

ﬁénwxfl//lY THBETA =

PRINT2964,P,T

XSUNY =3,
DOS30T=1,NN
XSUNY=XSUMY+Y (1)
CONTINUE

CXMWCAS=D.0

BORlI=1,AN T

XMAGAS=XVWGASHXMW(T ) =Y (1)

CONTINUE
DO 1911=1,VQ

1.)50T089

El1z.47/7y

X“AS (D)=Y ()Y *XMW(I)/XMWGAS ~

f[hTIﬂJf
Ca4l=1,NQ

CIFOXLAMBELGT.1.CE- 9160T0Ss3 77 T o

ITERATIONS REQUIRED

>QI\T19,{,AIPA(I),Y(I)yPtRC(I)yXVASo(I)

FORNMAT(1X,16,3X,A6,3620.8)

CENTGAS=0,

Jle

PRINTL12

FORYAT(//7/1X3 LIHENTHALPY (L) / /)

DE 7001=1,N0

15/7/7)

=E13.57/7)

ENTODI=(ATTCI)+BITCI ) *TZERQ/2.+CIT{I) * (TZERO*%2) /3. +DII(1)%(TZEROs



7T e e e T

)
i SOURCE STATEMENT

ENT(3)=-20.,236E3
ENJ(O)flS £20E3
[F(T. LT 1200.8)60T06207

DO 296J=2,MM

g6 CONTINWUE

PRINTES21,CPOT(T),ENT(I),T
GCTGE291

_2RR
BC297J=2,mv

1TZERU*%3) /2, +A44(J) 2 (Te24—TZERD® x4

2R % .5 S
97 CONTINUE

2RR

$1 RSU¥=0,
Lo 258 J=1,
mSLV~&SUN+‘A(I , J)=CPDT1(J)
CPRINTEDZ21,CPDT(I),ENT(I),T
FCR¥YAT{1+3,3E15.5)

[ ENT(1)=€ NI(I)}CHDT(I)—RSUH B

ENT(1)=C

MENI(JXrUf
ENT{2) =0

, w1(14)7~,
PRIRTéu?ZyENT(I)y

P22 FCRYAT(1K0O,2E15.5)

178 CONTINUE

EMTCAS=0.D

T ToT
\nl
g

~N):
(o)

DO 781 I=1,NN

181 ENTOAS=ENTCGAS+INT(I)*Y (1)
3C791=1,NQ

7S PRINT 24,EMT(I)
PRINT18, ENTGAS

XMAGAS=X MW CAS/ ASUMY
PRINTL7,XMUUGAS

XPETA=CRIT
KPT=KPT+1
C PRINTINI2,w,T ,
112 FORMAT(1X,2620.8)
CIF(T.LTL992,)60TH3171
IF(KPF1.GT. G)GCTU171
_KPT1=KPT

1€ FORYAT(/ /71X, 21HENTHALPY OF GAS MIX =

£F16.8)

‘SOURCE LIST

L 123)/4, CEILCI) e (T7ERG¥24) /5. +FT1(1)/TZERD) #RR*TZERO

17 FGRVMAT(//1Y,28-MOLECULAR WEIGHT OF GAS MIX=F16.8//)

Méiﬂﬁﬂ,

CPOT(IN=(AT(I) = (T-TZERCI+BI(I)#(T#»2-TZ7ERO#*%2)/2.4CI (1) #(T#x3~TZER
1C%53) /3 DI 1) % (Tex4~TZERO*®4 ) /4 +ET (1)« (T#x5-TZERC¥%5) /5. ) #RR

T“”EPLTx(J)-(rl(J),(T TZERO)I+S2(J) % (T*#2-TZERO*%2)/24+S3(J) »(T#23-TZE
| LRCE®3) /3,454 () s (Tex4-TZERO*%4) /4. +S5(J) % (Tex5-TZERD*#5) /5, ) %RR*,5

CPETLII)S(ST(1)*(T-TZ2ERO)I+S2(1) *(T2#2-TZEROQO*#2)/2.4S3 (1) = {(T#%3~TZE

C1R0¥#3) /3,454 (1) % (T#x4~TZERQ*%4) /4. +S5(1) % (T*%5=TZERC*%5) /5. ) #RR

bC? CPOTUI)=(ATI{I)=*(T-TZEROI+BIT(I) *(T#22-TZERQ*#2) /2 +CII(I)#(Tx#3-
LTZERO=%3) /2, 4D T T( 1) »(T##4=T2ERO*#4) /4. +ETTI (1) #{Tx%5-TZERO*%5)/5.)%

CPLETICJ)=(211{J)#(T-TZERO)I+A22(J)# (T*=2-TZERO*#2)/2.+A33(J) = (T#=3~
Y/6 . +A55(J)#{T##5-T2ERQO*%5)/5.)*

CPETLINI=(ALL(1)*(T-TZERD)+A22(1) #(T+=2~TZERC*%2)/2+A33(1) % (T=%3~
1T72ERC=%3) /3, 4A44 (1) % (T#%4—TZERO*%4) /4. +A55 (1) #(T*%5=TZERO*%5)/5.)%



444

(YY)
(VY]
[¥9]

123 €

- T o FORTRAN SQURCE LIST MOLFRA
_SCURCE STATEMENT . o . .
PLE(1,KPT)=T -
FELE(3,KPT)=XNWGAS
CRELIFINMNE MOLE BASIS
CIF(T NELXTIGOTOR23 B N
SU~1 ‘J - . e e o o e e e I - —— —_— _—
CC 822'1"1'NN
YOI =4/ XMYGAS) *PERC (1) /100, o o - B
CSUNMI=SUMIHY(T) T
YINCI=PERC{WQ)=*SUM1/100. e
RIN=PERC(NI)/LICL .2 XMW INQ) / XMWGAS
B o L L
GCTCIT1l
WC=W
RCUT=PERCING) /1O e XMWINQ) /7 XMWGAS -
a~11ﬁ-(1 +2IN)/(1.+ROUT) e
= CxRATIO T
«If\ ROUT s o N .
CTARLEL lf,YP TY=W oo
~ CALCULATICN OF INDIVIDUAL MASS FLUXES
S CCT1712 1=1,AN ST -
FLULX=W/XMWGAS2PERC(I)/10C. XMW (1) - ) B B
Z DOTALT,KPTY=FLULX
_ FLUX=W=ROUT S o ) o
CCTA(NDQ,¥PT)=FLUX
LCC 444 1=5,KQ0S N e o
TABLZ(i,KPT)=PERC(I=4)/1C0.
CONTINUE e e
IF(T.GE.TMAX)GCTO333 '
_T=T1+T1IMC. e . ) .
‘(/(—-\, I
B L O L 1
TET1=KPT1
KPT3=KpT~3 ) S o B
'Krunr Sy A
~SC 238 J=5,K0S o i i ~ i
su»Y1~~.
- r_337«131 KPT1 e ~ o
SUHYl SUNMY1+TARLE(J, 1)
CYAVG(J=4)=SUMYL1/TPTL - i B -
CONTINUE
KPT2=KPT3-XpT1+¢y L ) i
TRT2=KPT2
WG 3333 0=C4,KOS S
SUNYI".} *
_DP 3337 [=XPT1,KPT3 ] N i ~
WYL=SUNMY1+TABLE(J, 1)
va)llj 4)=SUMYL/TPT2 i o
ccmrluur S
CC o#0¢7% J=1,KkpT3 o i ) o
IS(J oT .1)«nro 732
. UP E’v')l - I .'-‘*,’,N.Q.,_‘., o _ —

82



) 83
ST T e T U RQRTRAN SOURCE LIST MOLFRA T
JSTURCE ST ATEMENT e

CYPPIMES(1./(60,#TINC))#{~137.2DOTA(I,J)+300.*D0OTA{L,J+1)~ 30C.*DOTA
10T ,3+42)+726C 2 DCTA(T 3 J+3)=T5.%00TA{ I, J+4)+12.%D0TA([,J+5))
COTAL(I,3)=YPRIME
ECI1 CONTINUE ‘
GCTC 8004

|

|

|

\

737 1F03.6T.2)C0TOT733 |

- vgg,e~o: i=1,NQ o o |
| RIME=(1./(6C.*TINC))»(=12.200TA(T,J-1)~65.*DOTA(1,J)+120.%DOTA(T

] 1,J+1)-6,.*PDTA(I J#2)+20,#DOTALT,J+3) -3, %DOTA(I,J+4)) |

i DFTAI(I,J)—YPRINE ' |

8202 CONTINUE e

' CCTO0 BL04 ‘

™y

737 CC govl 1= _..Q S I
YPRTME=(1, /(60 = TINC) ) # (3, %DOTA(T,J-2) =30, *DCTAIT,J=1)~-2CG.*DOTA(I,

)
o

1J)+£3.4D0TA(T,J41)~15.200TALT,J+2)+2.#DOTACL,J+3)) ‘
T DCTALUI,39)=YPRIME ~~ — ~ 7 T o
8071 CCATINUE e
8704 CONTINUE T T T T
8227 CONTINUE )
| SuM2=G.
CC 3007 J Lo KPP T
Co B2GS [=1,NQ |

BO2E SUVZ=SUMZADOTALLT,J) #ENTCIY /XMWIT)

1 TABLE(2,J)=SUM2 |
BCO7 CCATIMUE S S
| SUN=0,
LT 23) J=1,KPT2 e ) )
204 SUY=SUM+TAELE{3,J)
L YFLCAT=KPT2 o B o
YMWAYG=SUM/YFLCAT
. CClI=1,3n I :
DNnlJ=1,1 |
CXXA=TABLE(T,J) o i I B }
TAELE(I,J)=TABLE(J, 1)
o TAZLECS D) =XXX o e e e
1 CONTIIUE
CRETURN o - ~ S _ o
ENC
\
\
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POVARD d N \nf

U AN Y Cr

CINITTALIZATICN

'R? 1.)/R1

TPFTC MATT YV

MATRIX INVERSICN WITH ACCOMPANYING SCLUTION OF LINEAR EQUATIONS
CSUERCUTIHE MATINV(A,N,ByM,DETERM, IPIVOT, INDEX, NVAX, ISCALE)

CINENSICN TPIVCOTIM) ) A(NMAX,N) 38 (NMAX, M), INDEXINMAX,2)
(ANAX, T, SWAP)

H’

ISCA[F o
R1=17.0%*=18

I TtRlQ“l.;‘_
DF ZQ J=1

CSEARCH FCR PIVOT ELEMENT

(S 20Ny

CSCALE THE DETERMINANT

CAMAX=AL,K)
CONTINUE

CONTINUE
[F (AMAX)110,1C6,11C

CETER ~-L G

ISCALE o
G0 TO 740

AMAX=2.2

£C 1235 J=1,N

IF {IPIVOTIJ)I-1169,105,60

DC 102 K=1,N

IF (IPIVOTIKI=1)8G, 189,740

IF {ABS{AMAX)-ADSIA(J,K)))85,100, y 100
IRCYi=J

ICCLUM=K i o

L IPIVETLICOLUM) =IPIVOTLICOLUMI*L

CEQUIVALENCE (IRUW, JROW),'(ICULUM,JCOLUN),

INTERCHANGCE ROWS_TO PUT PIVOT ELEMENT ON DIAGONAL

‘LFA(I -1COLUM) 140, 26C,140
CETERM=—DETrQM

L o290 L=ty oo
SWAP=A({IROW,L)

_A(IPCJ L)~/(I’01UNyL)
A{ICOLUM, L) =SWAP

ITF(MY26 JyZCOngO B
DO 250 L=1,M
CSWAP=B{IROW,L) e

BLIROW,L)=E(ICCLUM,L)
BOICOLUM,L)=SWAP
INLEX(I,l)—IQGW
INCEX(T,2)=1COLUM
PIVET=ACICOLUN , [COLUM)



¢ AUICOLUM, ICCLUM)=1.,0

SC ACICDLUNM,LY=ALICOLUM,L) /PIVOT

€ B(ICCLUM,L)=B(ICOLUM,L)/PIVOT

QAOOOO

[
i

S oW

&S

1
~ o
W1 O OVLU U W NG WD

B
PGSO O™

LI AN

OO

On N
D

3 BN

CSOLRCE STATEMENT -
PIYCTI=PIVOT

IF(ARS({NETERM)=R1I1022,1410,1010
 CETERM=DETERM/R1
CISCALE=ISCALE+Y
IF(ARS(DETERM)-R1)1C69,1020,1020
CETERM=DETFRM/R]
ISCALE=ISCALE+L
GO TO 106G '
IF(ARS(LETERM)-R2)1040,1240,1060
LCETERM=DETERNM=#R]1 T
ISCALF=ISCALE-1

IF(ARS(DETERM)-R2)105D,12592,1G60
T DETRRM=DETZRM=R1 - e
[SCALE=ISCALF=-  ~ /e
[F(ABS(PIVOTI)-R1)1090,1C7C,1070
"bivrrl PIVCTI/R1 o o
CISCALE=ISCALE+1 S e
[F{ABS{PIVOTI)-R1)320,1680,1380
PIVCTI=PIvVORTI/R1 o S
TSCALE=ISCALE+Y T oo T B
e vco320 . _
IF(ARS(PIVATII-R2)2209,2800,320
_m9lYETL:?}VfT1#31 S
[SCALE=TSCALE=-]
CIF(ARS(PIVATIN=-R2)2019,2010,320
PIVCTI=PIVOTI#R]1 "
ISCALE=ISCALE~] o o o B

COETERM=DETTRM=PIVOTI

CCIVIDE PIVOT RCW BY PIVOT ELEMENT

BC 250 L=1,N

I["(l) 38)93‘),"36"’”
D0 370 L= 1, M

RECUCE NCN-PIVECT R0OWS
00 550 L1=1,N e
IF(LI-ICOLLYN)&0G, 550,400
T=AlLL, ICOLUM)

ACLL, 1COLUM) =000

DO 457 L=1,N

23
L

tf

’\(Ll,i)=x(11,L)~A(1c0LUM LysT i o
IF(!XQ5§C’55“ A
CO 525 L=1,
“(let)-P(Ll“L)tB(ICQLQM?Llfl,
CONTINUE
CINTERCHANGE COLUMNS ) B
BE IR IR T T e e e e
LanN+l-f . ) L i

- FORTRAN SOURCE LIST MATINV



. IFCINDEX{L, 1)-INDEX(L,2))63C,710,63C

R . o
T TUTTTUUUUFORTRAN SCURCE LIST MATINV T T
_SCURCE_STATEMENT e S

J?(“«!"I"DEX(L 1) T “' o o

JCULUM=TINDEX (L, ' 2)

LC 795 K=1,N - ST e e e

SHAP=A{K, JICW)

CATC AIK, PR =ALK, JCOLUMY T T T T T e e e
IS AR, JCOLUMY=SWAP B e
T8 CONTIRUE T T T T
71ic CCf\TI\H_E_ o o o . o ~ o _
74C RETUPN
- I e -
|
\
|
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128

8¢ O

. SOURCE STATEMENT

1

U DINENSTON

1

1
2

1

CCALL FPTRAP(=3)

JFLK1LNEL2)GOTAT4S

St

CPSCUILJ)

3

8e CCONTIHUE

;QCﬁIlNUE

EFTC KINET

SUBROUTINE KIWFT(TPl TVARyDELZyKNyK7,DTC,HEAT,WNEW,KPT3, TABLE,

AVGFW)

CIMENSIGN AI(22),81020),C1(28),D1¢(

YI(20),EK(23),SIC(20),Y(20)

- FORTRAN

JCODE(20), ALPA(20) s AA(20,6),
SI04)3S2(4),5304),S404),S504)9AL11{4),A22(4)4A33(4)4A64(4)4A55(4)

SOURCE LIST

20),EI1(20),FI(20),G1(20),

DIFMENSION RSC(2U,20),PSC(20,20),REX(20,20),PEX(20,20),AF(20),
TISF(20Y, AEF(20),ART20), SRI20),AER(20) ,EQN(2C) yXFW(2G) 4, PERCE(20) ,
(2ELLXKOI2C), FLUXMAL20),C(20) 1FK(20) 4RK(20) yRATE(20),Y1(20)

DIVENSION TABLE(30,30),YTEMP(20),E

NT(20),CPDT(20),CPDTL(20)

COVMMON NCyNSyMMyWI,PLyRR,TZERO,DELTK,ICODE, ALPA, AAyS14S2+S3,

S4,S5,A115A22,A33,A44,A55
CCMMON AI4BI4CI4DI,EI,FI,GI,AIT,B1
CCFMMCN EK,.S1G,EPS,Y
00207 I=1,N§ T T
KFwlI)=MW(I)
CCNTTHUE

KSP1=NS

CKSP=NC
JF(KNLEC,1IK1=D

TF(K1. E(.V)YZ—

CTR(KYILEQ.O YW=

IF(K].FQ ¢iTl= 533.
CIF(K1LEQ.CIDIF=1D.

IF(KT7, FQ 1)60T088

330

IsCITDITSETT+FI14GITFW,YI

£0128 I=1,KSP1
YICI)=YTEMP(I)
W=k 1
IF(K7.6T.1)60TCT74
97 1=1,20

DO S7 J=1,20

TAELE(I,J)=0.

Lo 82
b0 83 U=
RSC{1,4J

Ill
D e o

(_,

Vvv

REX(I,J
PEX(T144)
CCANTINUE

!

READ EQN 1 CH4 = R2 + C.5C2H6
_REAG21,(EQN(I),1=1,12)

READ THE STOCHIOMETRIC COEFICIENTS OF THE EQUATICN
READ 22,RSC(1,2)4DUML,DUM2,PSC(1,1),PSC(1,3),DUM3

READ THE

EXPCNENTS OF THE RATE EQUATION

READ 22,REX(1,2),DUNM&L;DUMS5,PEX(1,1),PEX(1,3),DUNM6

CUNITS

CREAD23,AFU1),SF(L),AEF(L)

REAC THE CJEFECIENTS OF THE FORWARD AND REVERSE REACTION RATE CONS
IN GM=~MOLES,CUBIC~CHM,

OF AF ANC AR ARE

AND SECCNDS

UNITS OF AEF ANC AER ARE IN KCAL PER GM=MOLE

ALL(2C),BII(20),C11(2C),D1T1(20),E11(29) +FII(20),GII(20),FW(20),



38

- T T FORTRAN SOURCE LIST KINET T

'; READ23,2A2{1),SR{1),AER(])

c REAC EQN 2 C2+€& = H2 + C2H4 T
REACZ21,{EQMN(I),1=1,12)

TREAD22,RSC{2,3),0UMT7,DUME,PSC(2,1),PSC(2,4),0UM9 T

L _REAN22,REX{2,3),DUl0,DUL1,PEX(2,1),PEX(2,4),0U2 L
"REAC?3, AF(Z),SF(Z)yAtF(Z) o

~ REAC23, AD(Z),SJ(Z),AER(Z) o o B )
23 FCRMAT(EE.",1X,2F6.0) o ) R i

22 FDRVAT(&FG.O) ,

21 FCRNAT(124€) S ) T ) o

O REAL EON 3 C2H4 = H2 + C2H2
PEAT 21, (EQN(T),1=1,12)
REAC22,RSC!2,4),DUL13,DU14,PSC(3,1),PSC(3,5),DUl5

"3EAr223RFxx3,AJ;DUIc;DUI7,PEx13,r);PEX(3}5i;Dula*"“”"““““”””
READ22,AF(7),SF(3),AEF(3)
T REAC22,803),SR(3),AER(I3) T s o
C REAN EQN &4 C2k2 = 2C + H2 A _ i

T UUTREATZY, (BN, =112y T o T h
REAC 22,R52(4,5),DUl19,DU20,PSC{4,13),PSC(4,1),DU21

N "REAazz;REX{4}55;ﬁuZz?DUzB,PEX(4,13),PEX(Aili}D024‘”““”‘ o
REAN23,AT(4),SF(L),AEF(4) ,

’«cAcg,,«Rie),SR(4),AFR(Z$‘”" T B

c_ REAL ECN 5 CéHe = 3C2H2 S
READ2L, (EQN(IY,I=1,12y B '

i _REAC22,RSCI5,6),0U25,DU26,PSC(5,5),0U27,0U28 )
READ22, pLX(b €),DU2G6,NDU3D,PEXI(5, S),DU3Y'DU32

REATC23,AF(S),SF(5),AFF(5) o o
READ23,A(5),SR{5),AER(5)

€ READ EON 6 NH2 = 0.5N2 +1.5H2 e
READ 21, (E2N(1),1=1,12)
REACZ2,RSC{6,2),0U33,DU34,PSC(6,7),PSC(6,1),0U35 B
REAC22,REX(648),0DU36,DU3T7,PEX(6,7),PEX(6,1),CU38

READ23,AF(£),SFI6)4AEF(6) e B
REAT?2,AR(6)4SR(6),AER(6)

C REAC t”y 7 CH4 + 202 = C02 + 2H20
REAC 21, (EGN{I),1=1,12)
CREAD22,%SCIT42),RSC(7,6),DU39,PSC(7,10),PSC(7,12),0U41
READ22,)KEX(792) 4REX({7,S),DU42,PEX(T7,10),PEX(7,12),CU43

) REAC2Z2,AF(T)»SF(T)AEFLT) e i
READ22,AR{ 7). oSKIT),AER(T)

C PEAD EQUATICN 8 C + H2C =CQ + H2 o
READ 21, (ECN(I),I=1,12)

o ,HEAI 22,RSC( 8,13),RSC( 8,12),PSC{ B8,11),PSC( 8,1) B N

READ 223REX{ 8,13),REX{ 8,12),PEX( 8,11),PEX( 8,1)
i C READ23,AF(£),SF(8),AEF(8B) e
READL,.AR(Q),SR(S),AEQ(a)

£ L REAC EQN 9 CRa= 0,5C2H2 + 1.5H2

READ ély(F N(I)yi—lle)
o RE/\D 224+RS5C (912)1PCC(9 5),PSC({9,1) ~ ~ ~ ~ _
FEAr'az,REV(9 2)3PEX(9,5),PEX(9,1)
REAC22,AF(0),SFI9),AEF(9) i i i
REAC23,AR({ ") +SR{D)yAER(9)
c READ EQM 1i CH4 = C + 2H2

PEAT 21, (ECN(I),I=1,12)
I{E{,C 22:RSC(10,2),PSC{10,13),PSC{10,1)



C e B
. i

i

! B
' i

"READZ24,NFQ T T T T
24 FORNMAT(I6) 3 3 o o
C ~ CORVERT 70O KIMET UNITS
) . CC 127 1=1,kSP1 o o o

YI(ly=YIUI)
e YTENP L =Y LY
T4 Kl=K1+1
e P= FL/LIOO-‘_mm“__wmﬂmwmm~wm_MM ] e _
R=E2,
. Rr=1.¢ B _ e _ I
CELZ= ftLZ*55"48“*
12 FCEMATLLIX,16) e e
[FIK1.GT.1)60T03
C
C  INITIAL AVFRAGE MOLFCULAR WEIGHT R o
r

-~
<

1
A~

hj\‘) (7'

e} Lﬁ:(‘)

;ruﬁ%ﬂ

FLUXMA(J)=FLUXMO(J) =XFW(J)

CALCULATICN CF C(J)

[F(¥1.6T.1)C0TN3

TZERC=298.16 B ) o
T=(TP1 +460.1/1.8

R L €L

T=TVAR

SUM1=T. L . I
IF(T.LT.T1IGOTOT73

K2=K2+1 T S
KOS=KkSP+g T

Lolr 1=5,K38 . § -
TABLE(K2,[)=YL{1-4)

17 CenTiInug S I

SCLRCE STATEMENT -

CREAC 22,REX(10,2),PEX(10,13),PEX({13,1)

READ 23, AF(1CG),SFILC), AEFL1Q)

READ 23,2R(10),SR(1C),AER(1D)

l

C PRINT 250, YI(I),XFWlI)
25C FCRMAT(Z2X,1E17.8,5%X,1E16.8)

L

REAC THE MOLECULAR WEIGHTS OF THE SPECIES

PRINT 2127

FD??A]((LgfﬁlﬁﬁﬂlﬁITIALWﬁELEWEEAEILQNM“MﬁQkECULAR«hE!QHTfflmnﬂﬁm“uwu”"-,”

CUN .
DC1J=1,¥SP
CSUM=SUNM+XFU{J)=YL(d)

CCATINUE

PRINT 250, YIIKSPL) yXFWikSPLY e e
CAVCFwsSUM

CINITIAL MOLAL FLUX OF SPECLE J(GM-MOLES/CM2-SEC).

£0zJ=1,KSP1

FLUXMCIJ)Y={W/AVGFW) % {454./923,03)%Y1(J))

CINITIAL MASS FLUX OF SPECIE J(GRAMS/CM2-SEC)

~ FORTRAN SOURCE LIST KINET

REAL THE NUMBER OF SPECIES—-KSP AND THE NUMBER OF EQUATIONS-NEQ



OO O

alatakal

13

CCmrINUF‘

hr\t H-\ . 3 o o e o
QU?./‘)_“.

S L213J=1,KSP1 o i ) o
FLUXVA{JI )Y =FLUXMA(J)+RATE(J) *DELZeXFW(JY

CIFCFLUXMA(Y) WLEL 1L E-37) FLUXMALJ)=1.6~37
FLUXMGUJ)=FLUXMALJ) /XFRr(J)

IF(J.ED.XSPL)IGCTOL3 S o - o
WNER=WNEW+FLUXMA(J)*G22,03/454.

CSUM3I=SUMBHFLUXMO(Y) e
CONTINUE

. E0l4ad=1,K5? e e e e
Y1(J)=FLUXMNO(J)/SUM3
PERCE(LJ)=Y1(d) #1000,

CCALCUALTIC™ OF THE RATIO OF THE MOLES OF THE o _
SCLIC SPECIE TO THE MOLES OF GASES.

YIOKSPL)=FLUXMC(KSPY)/SUM3

CXMULTR=XVULTR*(C{X)=*REX(I,K))

L4

AVSGLTIP=XNFULTP=ICIK) #2PEX(1,K))

CONTTRUE — . e b L

SUN2=SUM24 (PSCLI,J)=RSC(1,J) )% (FK(1)#XMULTR=RK([)=XMULTP)

CC\TINUE
ATe(d)=Sur2

_SUMT IS TIE ENTHALPY OF THE GAS MIXTURE WITH RESPECT TQ

THE ELEMENTS AT THEIR STANDARD STATE OF (P=1ATM T=258 OK) '
SUNT=0 S I .
k=0, e e

CC 781=1,KSPL

ENTUI)=(ATT(1)48II(I)*TZERD/2.+CIT (1) *(TZERO**2)/3.+DIT(1)=(TZERO#

a0
T - N ~ FORTRAN SOURCE LIST KINET ~~ ~— 77—
. SCURCE STATEMENT i
72 CCSJ=1,KSP - S -
5 SUML=SUMI+FLUYFO(J)*R2T/P
CSUV=C.
CCEJ=1,KSP
. CUJ)Y=FLUXNG(J) /SUML e e
€ SUNM=SUMZ+C(J)
. C{KSP1)=SUv=Yl(KSP1y . .
o
€ _CALCULATE REACTION RATE CONSTANT
{
o BCTI=1L,NE0
FXOD)=AF{I)#T#=(~SF{I))*EXP{—-AEF({I)*1030.7(RR¥T))
T RKUDI=AR(I)#T#2 (-SRI} )*EXP(-AER(I)=1000./(RR2T))
C
C CALCULATIGN OF REACTION RATE OF SPECIE(J)
e e ALY DT REALIIDE RATE SP ARERIELL e
i _ CC12J=1,KSF1 ) e .
SUv2=9g,
DC1iI=1,%ED i o o o B o
XFULTR=1.0
CXELLTP=1.CG -
CC1oK=1,KSP1
) If(C(h).g{uy._ 37)CIK)Y=1,E~37 o e



. SCLRCE STATEMENT e
o 1%3)/4.+EI1(1)=(TZERO*#4) /5. +F11(1)/TZERO) *RR*TZERD
ENT(3)==20,236E3

ENT(6)=1S.E20F2 A
TTTF(T.LTVIC00.C)GNT06207 T
L CPCTUI)=(ALCI) % (T-TZERCI4BI{1) #(To#2-TZERQ#%2) /2. +CI ([ ) #(T**3-TZER

10%%3) /3,40 T(1)#(T%24-TZERO#%4) /4. 4E1 (1) #(T*¥5-TZERC*%5) /5. ) *RR

CO 206J0=2,MM

2GS € CONTINUE —

CPLTLI1)=(S1(1)*(T-TZERO)+S2(1)# (T#22-TZERO#*#2)/2.4S3(1) = (T##3-TZE
120%832) /3,454 (1) = (Txx 4=TZERO#%4) /4, 4S5( 1) # (T2 25-TZERC2%5) /5. ) #RR
fCTCE291

b e s — e

| €297 CPLT(I)=(AII(I)*(T-TZERO)+BIT{I)#(T2*2-TZERC*#2) /2. +CTII(I)e{To%3~"
ITZERG*#3) /2 40T (1) #(T224-TZERO*#4) /4 +ETT1(1)# (T*25-TZERQ**5)/5,)%

CT2RR
W”w_w”_ £C297J=2,MY

CPLTL(I) =(ALI (I = (T-TZERD)+¥A22( )= (T=%2-TZERC222)/ 2 FAII( )% (Tesd~ 77
1TZERO%%3)/3.4A44()) » (T##4=-TZERO*#4) /4. +AS5(J  # (T*25-TZERO*25)/5,)%

T 2RRx,.5 7
257 CONTIHUF
COCTLIL)Y=( AL 1) a(T-TZERO)+A22{ 1) = (T#»2-TZFRC=x22) /2. +A33(1)=(T=%3=
7 2RR
_ €291 RSUM=0,

LC 398 J=1,MNM

OO Ao

_3S& RSUM=RSUM+AA(T,J)=CPOT2(YY
EJT(I)—YNTlf5+LPDT(I) RSUM
ERTLL)=03,
ENT{T7)=0,
_ENT(9) =0,
EMT(13)=0,

_ SUN=SUMSDATE([)#ENT(I)
IF{I.FO.KSP1)GCTGTS
SUMT=SUNMT+YLLT) = (ENT(I)+#RSUM)

78 CONTINUE
FEAT=(SUM/252.,)%(30.48#%3)/DTC

KPT3=K2 S
o IF(T.LT.TOL)GOQTO37
" T1=T1+55.55555
B ~ PRIAT 389
88S FCRYAT(/ /7Y, 8HENTHALPY ,5X, 13HMOLE FRACTION,SXsTHRATE(T) ,8X,9HELUXM
1ALT1)/77)

D0 777 1=1,KSP1
. PRINT 303,ENTUL),YLOT),RATE(L),FLUXMALT)
ACE FCRVAT(1X,4£16.8)
177 CCH{IINHJEi B
TARLE(K2,1)=T
FACLE(X2,2)=HEAT

T TARLE(X2,3)=Aav0EW 0 T e T )
— ,'AULF(KZ_ﬁ)M NEM ] B .

ATZERO*=3)/3.+A44 (1) # [ T#*64=TZERD#24) /4. +A55(1) = (T#%5-TZERC225)/5,)*

CRSUM IS THE ENTHALPY OF THE ELEMENTS OF THE ITH SPECIE AT TEMPERA-

TURE TLOK) WITH RESPECT TO THEIR STANDARD STATE(P=1ATM. T=298 OK).

CCPCTL(I)=(SL(IV = (T-TZERC)+S2(J) » (T##2-TZERO*22) /2. 453 (1) # (T#=3=T26 ~
1R0%%3)/3,4S4(J)#(Te#4-TZERO#24)/4,+55(J) # (T#%5-TZERC*#5)/5,) *RR*,5



SCURCE STATEMENT

PRINT 6021

"~ FORTRAN SOURCE LIST KINET 7

6021 FORMAT(//2X, 1SHTEMPERATURE(OK) ,6Xy 4HHEAT, 10X ,9HMASS FLUX,9X,5HAVGF

602z

¢ 0

2z
37

AR
PRINT 5022,T,HEAT,WNEW,AVGFW

FGRMATI1X,4E16.8)
PRINT 5032,SUM7

rDK'AT(///‘X 3ERENTHALPY OF THE REACTING GAS SYSTEVM=,1El6. 8)

SUM=

£c 111 [=1,KSP

COSUNMSSUMEXFU(T)=YL(DY - -
1 .1 C P N ! I "’IJ E I I n men e s e e e e L A md s e = Lo e e - v— —
AVGFW=SUM
2211 FORMAT(1X,°El4.8/) e
L rokr e R .
DEEECH IK=1,NC_
B A N . T R
6ECE CONTINUE o
B T P £ T b Q N T T T e e - -
ENC N ) ) -



0.
~0.21835453E
-0.202260CCE

" 0.88GC55&66F
- 0.52654235E
T 0.168200CHE

0.

-0.12468C53E
0.
T =0.94685CS4F
- =0.27834013F
-0.555C75CRF
0.

C TENPERATURE(C

G.142234C3E

_ENTHALFY CF ThE

CENTRALPY

-C.2184678%E
-0.20226000%
0.384G1916E
0.526C1212F
G.19823000¢
0. )
-0.12473S78€E
0. o
-0.947154CS
- -0. 27;3352&C
~0.55961114E
D.

[

~ TENPERATURE(C

- 0.14828123% C4 0.125248036-72  0.49853334E-01
CENTEALPY CF THE REACTING CAS SYSTAM= -0,14854536C

© ENTRALPY T

05

04 G©

CENTRALPY

3.24832483E~-C1

G.55¢HB84FE2E G
2657

0.2€3722604E-065

N

RfllB"”
C 1¢752¢
C.86118263E-27

-C1

A5 TJ.151377¢3F=01
25 0.12123¢23E-0C2
05 (0.22183383E (2

©.124492C3F Cl

O

n
N

-

6.28116063E=C1
T0L5E4155€0E on
0.G3643723E-05

=W
[ R I V) SRR

13,3C0563435-T4
4 0u731np];_;7

2 R M e

C0.759611256-0

GV

55
0.8¢811119E-~27

‘/.1 1,(} ("FF" 1
6.16292423E-02

12430 168E

K)

CNCLUE FRACTICN &

4 TNL15697441F-03
€3 C.8e6735220-CG2
357 C.sEaTallBE-22

TTE-03

~.136999236~04 O

29€3017195=C3

YCLE FRACTICN

3.124170026-04

A 1ETe0721r-03

ﬁ.:zO/CEP°F co'
c1

MCLE FRACTICN

9.13555829E-C3

D =2.4E£3TD102FE-%4

Ne14726862E-06

RATE(TL)

0.12323C088-06

D.3791G343E-C6

-3 1212299GE=25"

0.92403076E-12
-3.18563C615E-11
0.1473398416-29

-0.70199203E-30

0.12606923E-04

J431456975E-04

MASS FLUX

Q.459835977E-01

0.138158315-03

-N.615851036~ ﬂ4‘”

N.29121405E-06
G.BLTT2020E-06
0.12353276E-05

T C.107042716-22

5.68863522E-04
0.12350086E-01
0.14776376E-06
0.6GC904T29E-07
0.29854423E-06

0.311C02993E-02

0.38210798E-28

" 0.33581678€E-05

0.92353931E-03

0.47068593E-04

810325124E-02
_ C.257C6634E-01

CAVGEW

_0.17699366E 02

SACTING CAS SYSTf4= -0.159081CTE

-0.244353216-25

Ue21573266E-11
— N A30065325-11
£.14243908E-29
~0.71219539E~3¢C
G17696421E~-C4
). 176956421F-G4

2.38998958E-04 0

~ MASS FLUX

RATEL(T)

RATE(I)  FL

«78117756E-04
0.12317341E-01
0.41119139E-06

0.482992136-06

C.10856339E-35

0.10h56662E-22

anac

0.311529938-02
0.395815653E~05
£.39925038E-28
0.92353931E-03
D.62766588E-04
0.8C2177726-02

05

FLUXMA(T)

1425722736801

0.176552C7€E 32



94
‘ 0. S $.312771685-71 0.17€88312E~03  (.87061729€-C4
} . ..~0.21847249F (5 <.55167712E €0 -0.82311834E-04 0.122845786-01
| -0.2C0236CCCFE (5 9.175°L?a 504 D.37663911FE-06 c 73153223E-06
0.€8165344F C4 ¢ ,4T7C78313E-C4  0,2850G407E6-05 0,18346373F-05
C.52554G(8F €5 5.77925,97£~J4 0.36930169E-C5 "3?281622575405“”"
 0.168200€CE G5 (.6743¢280C6-22 "L.427601U4r 25 0.10577542F=-22
0. 0 J.76813165%-01 0,41837865€-11 0.31162993E-02
. =0.13473254% (5 5,1€7262015-02 wp .83675789E-11 "o 39581613E-05
. " GZ56GR9EE-2T L 14459323E-26 «41227708€E-28
 =0.94741997E (5 mr.1=n 1103E2-C1 —o 7204£6156-30 ho 923539316-93 -
-0.28020€83F 05 2,2C39C73€65-52 06,21794521E6-04 0.79462159€6-04
.. 70.e0CC4282E 05 2.319302628 00 -0.21794521E-04  0.80116867E-02 B
G. CL1E41C2235 01 0.4£266129FE-C4 C.25737267E-91
} _TEMPERATURE(ECK) ~ FEAT MASS FLUX_ _AVGFW o
|
C.15350236F 4 D.1€531€6475~52 0.4G824035E-01 0.17613253E 02
!
CENTFALPY CF TEE RFEACTING CAS SYSTEM= —~A.13626436E 05 T
— _ENTEALPY  MCLE_FRACTICN ~—  RATE(I) _FLUXMALT)
|
G, D.36433757€~01 D.249175146-23 0.101649156-03
-0.2182G9286F 05 {0,S4751668E €7 -0.1207950G65-03 "0,122298475701“',>”v_
—0.20225CCCE 25 ©€,2S17£G630-04 0D.12864041E~C6 12220664E~05
| 0.87S41656E G4  D.18€LETR4LE-03 0,55 ﬁ2A41F-;5,m- 7°975610E 05
» 0.52512535E €5  (.22728701E-"3  GL.10C313216E-04 0.86129315E-05
, . GJ1G682CCCCE 05 N.GST38038E-22 -0.72269475E-25 0.10425162E-22
0. T U CL1S5£R2T72E-01 0.76195565F-11 0.31102993E-02
~0.1346727CE 05 C.1€677254E-02 =3,15839113E-10 0,39581546£-05 )
G. - T.55838443E-27 D.1457C4075-29 N.42837084FE-28
. —0.9476GE82F 03 (.1S03484R8E-(1 ~3.72852036E~-30 _0 92353931€-03
—0.28112356E 05 0.2£214467E=02 U.265351055-04 0.12286231E-03
 —C.6C045G5TTE 5 0.L318222S58E ) —0.265351956-04 0.799654305f02«m‘,_u
O TJ15378523F 01 J.54291780F-C4 0.257581608-01
_. TEFMPERATURE(CK)  HEAT CMASS FLUX o AVGEW
0.15889111FE C4 0,263925156~-02 0.49782484E~-C1 N.17539373F 02

" ENTFALPY CF THE RFACTING GAS SYSTEM=

T(l1)=  500,0G6333  CT(l)= 25252.3999(2
Tl triL)y XAXTIS(L) YAXISI(L) CAPAC (L)
S5C0.00CC0  25252.363SC _,c.\ |3;H~”w_“c.f0ﬁn: ) 0.56901 1
505,25250 25232.2$565C D.010 C.02263 0.56901 2
510.58553  26733.03564 o,)¢ucqﬂ_wwqu 0529 0.57653 3
516,068235 26827.16865 C.03608 5.008C4 0.57210 4




521.747C9

527.5€363

535,75060
552.73772

55G.42958

5€6,455¢€9

EC.GG277

5868.57469

5664.27355

504436342

€12.63518

621.11555

| 629.82727
£38.77610
647.27581

C657.42219

6€7.12304

677.08318

EET.3CT4D

C6ST7.8C0846

7C8.5¢6741

719.61279
720.64151

742,55832
C154.488C3
T€€.67535
776.135%4

7$2.00177

1 8C5.12623

B12,575C4

- 832.34051

846 ,42711

86C.85343

875.60G25
_.856C.77359

GC&. 14201
921.G27¢2

928,0£506

$54.55851
971.41209
$48.625¢6

10C&.21579

1042.5°7¢66

1061,2211¢ 9

1080.318%4
- 1069.80180
1119.67539
1135.94425

1160.656133

11€1.675¢89

12C3,14456

) _»7l7£50‘..? 8"’

1247.32659
127C.,32670

T 523,549710

572.62257

2Th44. €691 L

c€452,23344

29240,217129

30218.56882

C31118,63311

2203G6.5936¢68

32681.62362

33G645.875¢€1

34631.62281

35939,29404
3666G,22568
38021.53651

390356,22373

40193,66846
41213,74723°
424656, 64355

43602.45E875

4491’.:491\!2

46023,17C9C

47258,153722

48516.26758 7 7

649797.52586

s11¢1.62871

52423.454%9

53783.C6385 T

52153.71524

C5£553,2374G

57¢63.83247

59412.12061

ETRTT.CHIGH

£2264.53271

€3¢74,27451
654\0-ﬂ19ﬁ3

0€0.42145
68536.35742

7C133,82910

Y

71152.66113
12362,60254
75053,38672
T6€734.73145

78435.24130
85137, 9*771”

81Q(7-]u4
83459, ﬁ0163
85433,04156
87237.C07813
9"“3 24082
J88T7.45703

Q’IJ) Casee
94601.72656

96433,111322
98"C/+t5'l73u

1072312.46151
132245,67239¢

T4194,57312

12615742513
123125.09473
110127.25546

1263,12079% 112132,52676

«J53CQ

“‘G .&J()‘ r‘g o

.u]qvﬁ

0:08055'—

C.093CH

Oltacs o
“J-llu XJ

12900
13‘0P

”0J¢m6 '

0. 15000

0jm16006“w_wh

. 17393

'18fo o

Lo 19\4’3\‘}

0:26006 -

5421239

0.,22505

C .23C20

C.24500

¢.25020

Q.26C20

2.270390

0.289%0

3.29'(C

3 ‘)LJ o

G.Bl@cﬂ

0.32000

T C.340C0
9635930

0436500
,n 3756¢,

38060

H~.393h177

0onng
Uu”v-“

_ n.41020

0.420C0

La43500

0.440C0

qu ébCCO_N

'46‘1 - J

,-!xngﬁﬁ,w_
J.487280
_}.49) J

)‘JP“O

.V.le“O o

3.52009

_.2e53¢080

Ge5475C0

Co )5{.}\.00

0.56000

L.57390

£ .55C00

G.590C)

) '» 06‘}.)),\

0. 51¢30

L5200C

u]OédObm'”“"“

e e = 95,_. PRV

g

37

42

49

6.01087 7 0.57371 75
7.01379  0.57537 6
C.C1680  Q.57708 0 71
- $.01990 G.57885 8
0.02308  C.5R066 9
C.02637 0.58254 16
G.02975 T 0.58446 1l
€.03323 ~ 0.58645 12
T C.03681 " 0.58848 13
C.06050 0.59958 14
c;oa429““”m“o;5927aw' 15
0.04819 0.59496 16
C.05220° T T0.59724 171
.0.05632 .G.59958 18
0.06056 ¢.60198 19
06491 0.60445 20
C.6939 7 0.60698 21
0.27399 0.60958 22
T0WCT8TI T 0.61224 23
C.08356 0.61497 24
T C.08854 0 TTTTGL617767 T2
¢.29365 0.62063 26
T6.0989C C.562356
7.12428 0.62656 28
S C.10981 0G.62963 29
£.11547 0.63276 30
c.12128 " 0.63597 31
C.12723 0.63924 32
G.12334 0.64258 33
0 13959 0.64599 34
S 14600 064947 35
,_c 15257 0.65301 36
.15929 0.65662
G.16617 ~9.66029 38
C.17322 C.b6403 39
_C.187%43  0.66784 4O
,.1978 0.67171 41
3.19535  0.675h4
. 20337 0.67963 43
, u.21096 C.68368 44
6.21993 0.68779 45
D.22728 o 69196 46
0.23571 69619 47
_C.2443) o 70047 48
c. 7;311 G.70480
0.2620 0.79919 S50
C. 2712 0.713563 51
C.28761  0.71312 52
Ce29016 0.72267 53
029990 0D.72726 54
5.30984 0.7319¢C 55
£.31997 C 0.73660 56
0.23930 0.74134 57
0434284 (.T74614 58
.35157 0.75C99 59
C. 36?5L“wwum70.75589' 60
o 27365 0.76585 61
38500 0.76587 62
r 334656 0.77096 63



. TEMPERATURE-PRESSURE

FROFILES DEFINED.

- . NCN=EQUIL I8 TUM
_CELTT  PELP. 4L ]
- 20CC.0CNC  18.869€  63.2732

FLOW RESULTS

1316463422 114152.45313 7 C.53000 T C.40833 0 7 0.77612
134C.67G12 116185.239355  $,640%0 Hﬁwﬂ~g,4zqggm”®”wwo 78134
C13€4.,52819 118233.76640 DeH56GCT W 43249 . 78632
. 1389.79390 120287.65722 0.66500 0-4449“,MM,M 179133
T 1415.228561 ‘42’5).604'6 N.67008 45751 5.79636
 1440.66453 124434,25163 L68300 _“_.47335W““_ 0.80142
1466.7G431 126523,45215 G.éqJ(J 3.48340 0.82650
. 1493.329C1 128622.46484 QL7500 G.49566  G.81160C
1520.3C0161 123C72]1,C55€¢ J.71650 ¢e51915 0.81671
. 1547.71375 122€44.85%38  0.72040 ;__0.52386 _0.82184
1575.56722 134975.52148 C.73G50 .53778 0.82699
_1683.86414 ‘37‘1?-695’1“_M_J~Q~1§9F9,” m9155kﬁ3_wd“n_0z8§214,
1622,6(5G3 139254,04452 75050 C.56630 0.83730
. L6E1.75436 141405.24414 ,,ww_n 760C0 3 ,58093  0.84247
1651,42102 143563,57652 L NEe .59572 0.84765
1721.51746 145725.645121 _‘Qa?ﬁQQQn“mwnmweblﬁ?é“m_ _.06.85282
1752.C5515 147902.8515¢ 0.79032D Ce62603 0.85800
1783.,04549 150762,41797 O LA0Q00 N.64152  0.86318
1814.42S85 152268.37351 'J.BLLUV 0.65724 C.£6835
. 1846.38954 154460G.48438  0,32230 w_“”5.57319 _(.87351
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